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ABSTRACT 


The  study  of  the  partial  oxidation  of  n-butane  in  a 
plug  flow  reactor  is  a  continuation  of  the  overall  investiga¬ 
tion  on  the  utilization  of  hydrocarbons.  A  reactor  was  de¬ 
signed  and  constructed  to  study  the  effect  of  residence  time 
on  the  overall  reaction  at  various  temperatures,  pressures, 
and  oxygen  concentrations. 

Experiments  were  carried  out  at  three  temperature 
levels  of  685,  705,  and  725°F  and  indicated  the  dependence 
of  the  induction  period  on  the  inlet  temperature.  Runs  were 
also  made  at  four  different  inlet  oxygen  concentrations  to 
study  its  effect  on  the  overall  reaction. 

The  reactions  gave  a  60  per  cent  conversion  of  the 
n-butane  reacted  to  olefins  for  most  of  the  runs.  Only  10 
per  cent  of  the  n-butane  that  reacted  went  to  carbon  oxides. 
Of  the  remaining  30  per  cent,  10  per  cent  went  to  lower 
molecular  weight  hydrocarbons  and  20  per  cent  to  oxygenated 
products.  The  oxygenated  products  consisted  of  aldehydes, 
ketones,  and  alcohols. 

The  gas  temperature  in  the  reactor  for  any  run 
remained  fairly  constant  during  the  induction  period  and  then 
increased  rapidly  to  a  peak  temperature  approximately  400°F 
above  the  inlet  temperature.  After  the  period  of  rapid  re¬ 
action  the  gas  phase  temperature  decreased  gradually  because 
of  heat  transfer  from  the  gas  to  the  reactor  wall. 
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INTRODUCTION 

The  partial  oxidation  of  hydrocarbons  is  complex  due 
to  the  number  of  reactions  taking  place  simultaneously,  but 
is  of  industrial  and  academic  importance.  Industrially,  the 
reaction  is  an  important  source  of  oxygenated  products  such 
as  aldehydes,  ketones,  alcohols,  and  acids.  In  the  past  few 
years,  the  partial  oxidation  has  become  an  important  process 
for  producing  unsaturates  from  saturated  hydrocarbons. 

The  main  research  interest  in  the  partial  oxidation 
is  due  to  its  industrial  importance.  A  knowledge  of  the 
effect  of  temperature,  pressure,  reactant  cpncentrations ,  and 
an  understanding  of  the.  reaction  mechanism  are  valuable  assets 
for  process  design  and  control.  Even  though  much  work  has 
been  done  on  the  partial  oxidation  of  hydrocarbons  in  the 
vapor  phase,  much  remains  to  be  done  before  the  effect  of  all 
reaction  variables  is  understood  and  the  mechanism  known. 

As  part  of  the  continuing  study  on  the  utilization  of 
hydrocarbons  the  University  of  Alberta  has  been  carrying  out 
an  investigation  on  the  partial  oxidation  of  n-butane.  In  1950 
Duthie(ll)  designed  the  initial  reactor  and  carried  out  pre¬ 
liminary  experiments.  Dalla  Lana(9),in  1953,  continued  the 
work  with  the  spiral  reactor  and  investigated  the  effect  of 
pressure,  residence  time,  and  reactant  concentrations  on  the 
overall  reaction.  In  1960  Musgrove(27)  used  a  variable  length 
reactor  to  study  the  effect  of  temperature  and  residence  time 
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at  constant  mass  velocity  on  the  partial  oxidation  reaction. 

A  survey  of  the  literature  published  on  the  partial 
oxidation  of  hydrocarbons  indicated  that  more  information  was 
required  on  the  effect  of  residence  time  on  the  reaction.  The 
majority  of  the  work  has  been  done  with  sampling  at  the  reactor 
exit  only  and  varying  the  residence  time  either  by  changing  the 
flow  rate  through  the  reactor  or  by  changing  the  reactor  length. 
As  a  result,  it  was  decided  to  design  and  construct  a  reactor 
that  allowed  multiple  sampling  along  its  length,  provided  ac¬ 
curate  gas  and  wall  temperature  profiles,  and  allowed  accurate 
control  of  temperature,  pressure,  and  flow  rates. 

The  reactor  was  built  as  a  part  of  the  present  research 
program  and  the  effect  of  temperature  and  oxygen  concentration 
on  the  product  distribution  was  investigated. 
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LITERATURE  SURVEY 

The  oxidation  of  hydrocarbons  may  be  divided  into 
three  distinct  systems:  slow  oxidation  for  reaction  tempera¬ 
tures  between  200  and  600°C,  catalytic  oxidation,  and  explo¬ 
sive  oxidation  at  high  temperatures.  Explosive  oxidation  is 
not  considered  in  this  survey  as  it  is  not  applicable  due  to 
its  immeasurably  fast  reaction  rate.  Catalytic  oxidation,  in 
most  cases  an  industrial  process,  is  discussed  only  to  the 
extent  that  it  has  been  used  to  study  the  reaction  mechanism 
of  hydrocarbon  oxidation. 

Zeelenberg  and  Bickel(46)  state  that  slow  oxidation 
of  hydrocarbons  is  often  characterized  by  an  induction  period, 
varying  from  seconds  to  hours,  during  which  the  conversion  is 
very  small.  The  reactions  during  this  stage  are  important  as 
they  form  intermediate  products  which  lead  to  the  primary 
oxidation  process.  The  reaction  rate  then  increases  rapidly 
to  form  products  including  acids,  aldehydes,  ketones,  peroxides, 
and  carbon  oxides. 

Under  certain  conditions  in  the  reaction  between  hydro¬ 
carbons  and  oxygen  a  "cool  flame"  front  occurs.  According  to 
Minkoff  and  Tipper (26)  the  "cool  flame"  has  the  characteristics 
of  an  explosive  reaction  but  the  maximum  temperature  is  less 
than  150°C  above  the  initiation  temperature  and  only  a  small 
portion  of  the  reactants  is  consumed.  Products  formed  include 
aldehydes  and  peroxides. 
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Fundamental  reviews  of  hydrocarbon  oxidation  are  given 
in  books  by  Brooks(5),  Goldstein ( 13) ,  Jost  and  Kroft(17),  Lewis 
and  von  Elbe(21)/  Marek  and  Hahn(24),  Minkoff  and  Tipper(26), 
and  Shtern ( 39) . 

A.  Experimental  Investigations  and  Fundamental  Results 

Experimental  investigations  of  the  partial  oxidation 
of  hydrocarbons  have  been  carried  out  by  a  number  of  research 
workers.  These  investigations  may  be  divided  into  several 
categories  including  the  effect  of  reaction  variables,  surfaces, 
and  catalysts  on  the  reaction,  the  use  of  specialized  equipment, 
and  the  method  of  product  analysis.  Recent  work  in  each  cate¬ 
gory  will  be  discussed  with  emphasis  on  experiments  relating 
to  the  vapor  phase  oxidation  of  n-butane. 

1.  Reaction  Variables: 

Duthie(ll),  Dalla  Lana(9,33),  and  Musgrove(27)  carried 
out  experiments  to  determine  the  effect  of  temperature,  pres¬ 
sure,  residence  time,  and  inlet  gas  composition  on  the  partial 
oxidation  of  n-butane  in  the  vapor  phase  at  the  University  of 
Alberta  between  1950  and  1960.  Duthie  and  Dalla  Lana  used  a 
spiral  reactor  24  feet  long,  made  from  h  inch,  Type  304  stain¬ 
less  steel  pipe,  and  immersed  in  boiling  Aroclor  for  tempera¬ 
ture  control.  Musgrove  used  a  variable  length  reactor  of  h 
inch  stainless  steel  pipe  with  Aroclor  as  the  heat  transfer 
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Duthie(ll)  designed  and  built  the  spiral  reactor  and 
carried  out  initial  investigation  of  the  variation  of  the 
reaction  products  with  residence  time.  Dalla  Lana (9 ,33)  con¬ 
tinued  the  work  and  studied  the  effect  of  pressure,  inlet  gas 
composition  and  residence  time  on  the  oxidation  of  n-butane. 
Optimum  conditions  for  the  spiral  reactor  were  a  pressure  be¬ 
tween  120  and  140  psia,  a  residence  time  of  1.2  to  1.8  seconds, 
and  inlet  n-butane  and  oxygen  compositions  between  4  and  5  mole 
per  cent  with  a  temperature  of  725°F.  These  conditions  gave 
20  per  cent  conversion  of  the  n-butane  with  about  half  of  the 
carbon  reacted  going  to  useful  products.  The  induction  period, 
as  indicated  by  the  temperature  profile,  was  in  the  order  of 
0.5  to  1.0  seconds. 

Musgrove(27)  investigated  the  effect  of  temperature 
and  residence  time  on  the  reaction.  The  reactor  was  constructed 
by  interconnecting  a  series  of  U-tubes  in  order  to  permit  a 
choice  of  inlets  with  a  fixed  outlet.  The  residence  time,  for 
a  constant  mass  velocity,  was  determined  by  the  inlet  point. 

No  reaction  was  observed  at  675°F  and  only  slight 
reaction  at  700°F.  The  reaction  rate  increased  rapidly  be¬ 
tween  700  and  725°F  with  a  corresponding  decrease  in  induction 
period.  Above  725°F  the  rate  increased  only  slightly  and  the 
reaction  tended  to  go  to  carbon  oxides . 

Very  little  reaction  occurred  during  the  first  0.3 
seconds  at  725°F  when  the  effect  of  residence  time  was  studied. 
The  reaction  was  very  rapid  between  0.6  and  0.7  seconds  during 
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which  time  reactants  were  consumed.  Following  the  period  of 
very  fast  reaction, the  rate  decreased  and  very  little  reaction 
took  place.  By  varying  the  mass  velocity  at  constant  resi¬ 
dence  time  and  temperature,  Musgrove(27)  found  that  the  in¬ 
duction  period  decreased  with  decreasing  mass  velocity. 

Steitz  and  co-workers (44) ,  using  a  glass  reactor  with 
a  length  to  diameter  ratio  of  two  and  a  volume  of  415  c.c.  at 
temperatures  between  240  and  350°C  and  residence  times  between 
3  and  793  seconds  found  similar  results.  Decreasing  tempera¬ 
tures  caused  a  decrease  in  overall  reaction  but  an  increase  in 
carbon  selectivity  to  chemicals  and  a  decrease  in  carbon 
selectivity  to  hydrocarbons  and  carbon  oxides.  Optimum  condi¬ 
tions  of  270°C  and  a  residence  time  of  40  seconds  gave  a  car¬ 
bon  selectivity  to  chemicals  of  80  per  cent. 

Furman  and  co-workers ( 12 )  studied  the  gas  phase  oxida¬ 
tion  of  n-butane  at  temperatures  ranging  from  325  to  375°C  and 
pressure  of  5  to  15  atmospheres  and  found  that,  by  raising 
the  pressure,  the  yield  of  oxygenated  products,  especially 
methanol,  increased.  By  lowering  the  reaction  temperature 
from  400°C  to  350°C,  they  increased  the  efficiency  of  utiliza¬ 
tion  of  the  n-butane. 

With  the  debut  of  gas  chromatography  it  has  become 
possible  to  study  the  induction  period  of  the  partial  oxida¬ 
tion  reactions  experimentally.  In  the  induction  period,  the 
concentration  of  products  is  very  low  and  accurate  analysis 
previously  was  impossible. 
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Zeelenberg  and  Bickel(46),  using  a  static  system,  varied 
the  reaction  temperature  and  the  ratio  of  i-butane  and  oxygen 
in  order  to  study  the  induction  period  of  the  i-butane  oxidation. 
The  induction  period  varied  between  2  and  120  minutes  and  could 
be  divided  into  stages.  In  the  first  stage,  observed  only  for 
the  formation  of  i-butene,  products  formed  as  a  linear  function 
of  residence  time.  The  second  stage  covered  most  of  the  induc¬ 
tion  period  and  concentrations  of  products  increased  as  much 
as  100-fold.  Products  identified  included  i-butene,  acetone, 
i-butene  oxide,  propionaldehyde,  i-butyl  alcohol,  propylene, 
acetaldehyde,  propylene  oxide  and  methanol.  The  final  stage 
in  the  oxidation  process  was  the  period  from  the  end  of  the 
induction  period  onwards. 

Neiman  and  Feklisov(28)  in  their  study  of  the  oxidation 
of  Butane-l-C^,  presented  a  relationship  for  the  induction 
period  of  n-butane  in  a  static  system  as: 

t  (P  -  P  )1,2  e“22000/T  _  constant  (1) 

o 

where 

t  =  induction  period 

Pq  =  initial  pressure  in  the  static  system 
P  =  final  system  pressure 
T  =  reaction  temperature 

Skrivan (40 , 41)  studied  the  initiation  reactions  for 
the  partial  oxidation  of  n-butane  in  a  flow  reactor  1-1/4 
inches  in  length  and  with  a  volume  of  22.7  c.c.  An  initiation 
step  involving  activated  oxygen  molecules  formed  by  oxygen-oxygen 
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collisions  was  proposed.  The  activated  oxygen  molecule  reacted 
with  the  butane  molecule  to  form  butyl  and  hydroxyl  radicals. 


°2  +  °2  ^ 


°2  +  °2 


°2  +  A  - 


°2  *  +  A 


-2 


°2  *  +  C4H10 


->  C.H  +  H0o 
49  2 


(2) 

(3) 

(4) 


The  reaction , temperature  was  varied  between  275  and 
300°C  with  a  contact  time  between  1  and  10  seconds.  Initial 
oxygen  concentrations  were  20  and  40  mole  per  cent. 

At  20  per  cent  inlet  oxygen  concentration,  the  n- 
butane  conversion  increased  with  residence  time  to  a  constant 
value  of  10  per  cent  at  approximately  3  seconds  for  temperatures 
below  350°C.  At  350°C,  the  conversion  increased  with  residence 
time  but  with  increased  formation  of  carbon  oxides.  At  40  per 
cent  inlet  oxygen  concentration,  the  n-butane  conversion 
reached  a  maximum  at  a  1- second  contact  time  due  to  periodic 
"cool-flame"  formation.  This  resulted  in  acceleration  of 
reactions  leading  to  the  formation  of  hydrogen,  methane, 
ethylene,  and  propylene.  Maximum  formation  of  these  components 
occurred  at  a  1- second  contact  time  because  of  the  periodic 
"cool-flame"  formation. 

Carbon  monoxide,  carbon  dioxide,  and  water  formation 
all  increased  with  residence  time  at  each  temperature  level. 
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At  temperatures  of  275  and  300°C,  carbon  dioxide  concentrations 
were  negligible  below  a  1  second  contact  time.  The  concentra¬ 
tions  of  carbon  oxides  and  water  were  approximately  double 
that  of  the  20  per  cent  inlet  oxygen  concentration  experiments 
for  the  40  per  cent  runs. 

2.  Surface  Effects: 

The  effect  of  the  reactor  wall  on  the  products  formed 
in  the  oxidation  of  hydrocarbons  has  been  studied  extensively. 
Appleby  and  co-workers ( 1)  found  that  a  pyrex  reactor  produced 
higher  methane  and  lower  ethane  concentrations  than  a  Pyrex 
reactor  coated  with  KC1  for  the  reaction  between  n-butane  and 
oxygen  in  a  static  system.  The  appearance  of  peroxides  in  the 
pyrex  reactor  was  also  noted. 

Satterfield  and  Reid(36)  used  a  borosilicate  glass 
reactor  uncoated,  coated  with  KC1,  and  coated  with  along 

with  a  stainless  steel  and  alundum  reactor  to  study  surface 
effects  on  the  partial  oxidation  of  propane.  The  important 
reactions  were  given  as : 

C3H7  +  °2  - - - *  C3H6  +  H02  (5) 

H02  +  C3H8 - ”  H2°2  +  C3H7  (6) 

HO' 


>  destruction  at  the  wall  (7) 
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At  375°C,  the  ratio  of  hydrogen  peroxide  to  propylene  was  in¬ 
dependent  of  residence  time  only  in  the  borosilicate  tube  but 
at  4 75°C  the  ratio  dropped  rapidly  because  of  wall  destruction 
of  the  peroxide  radical.  No  hydrogen  peroxide  was  identified 
in  the  products  obtained  from  the  Stainless  Steel  reactor  at 
any  temperature  due  to  surface  decomposition. 

Norikov  and  co-workers ( 30 )  studied  the  effect  of  quartz, 
KC1  coated  quartz,  and  Stainless  Steel  reactor  surfaces  on  the 
partial  oxidation  of  n-butane  at  260°C  in  reactors  5  centi¬ 
meters  in  diameter  and  18  centimeters  long.  Similar  products 
were  formed,  with  the  exception  of  propionaldehyde ,  but  in 
different  proportions  for  the  various  reactors.  A  typical  an¬ 
alysis  is  shown  for  each  reactor  with  all  figures  being  a  per¬ 
centage  of  oxygenated  products. 


Propionaldehyde 

Quartz 

5.2 

Quartz  &  KC1 

0.0 

Stainless  Steel 

0.0 

Acetaldehyde 

40.3 

33.6 

27.5 

Acetone 

12.0 

41.4 

58.3 

Hydroperoxides 

42.5 

25.0 

14.5 

The  KC1  coated  quartz  and  Stainless  Steel  reactors 
decreased  the  bimolecular  interaction 

R02  +  RH  - >  ROOH  +  R*  (8) 

and  favoured  the  isomerization  and  decomposition  to  acetone 
and  acetaldehyde , as  indicated  below,  stopping  the  decomposition 
to  propionaldehyde. 
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RO^  ■  — >  R '  CHO  +  R"0*  (9) 

Blyumberg  and  co-workers ( 3)  obtained  similar  results 
in  their  oxidation  of  liquid  n-butane  in  glass  and  stainless 
steel  reactors  at  150 °C  and  50  atmospheres.  The  glass  reactor 
gave  higher  hydroperoxides  and  transformation  product  and 
lower  decomposition  product  compositions.  The  main  transfor¬ 
mation  products  were  methyl  ethyl  ketone  and  sec-butanol. 

Chernesky  and  Bardwell(7)  used  a  silica  reactor  with 
various  coatings  to  study  the  surface  effects  on  n-butane 
oxidation.  They  found  that  the  HO^  radical  was  important  in 
the  surface  reaction  and  determined  the  extent  of  the  reaction 
depending  on  the  degree  to  which  it  was  destroyed.  PbO  on  the 
silica  reactor  acted  as  an  effective  inhibitor  and  stopped  the 
reaction  completely  unless  the  temperature  was  raised  sub¬ 
stantially. 

Skrivan(40)  showed  that  no  reaction  between  n-butane 
and  oxygen  occurred  in  a  reactor  filled  with  small  stainless 
steel  chips  at  temperatures  up  to  420 °C,  compared  to  a  tempera¬ 
ture  range  of  270  to  350 °C  for  the  empty  reactor.  The  high 
surface  area  inhibited  the  reaction  by  destroying  the  HOZ,  and 
C^Hg  radicals  as  they  formed.  However,  stainless  steel  chips 
in  the  entrance  section  to  the  reactor  eliminated  the  induction 
period  for  the  reaction. 
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3.  Catalytic  Effects: 

The  catalytic  effects  that  are  of  interest  are  the  action 
of  homogeneous  additives  on  product  distribution  and  overall 
reaction  of  the  hydrocarbons.  Shtern(39)  reported  that  carbon 
dioxide  added  to  the  reaction  stream  caused  an  increase  in  the 
n-butane  conversion  and  the  aldehydes  formed.  Hydrogen,  helium, 
and  argon  also  accelerated  the  oxidation  of  n-butane  by  in¬ 
creasing  the  difficulty  of  diffusion  of  the  active  centers  to 
the  wall  which  decreased  the  chain  breaking.  This  caused  an 
increase  of  intermediates  in  the  gas  phase  which  enabled  the 
rate  of  initiation  of  active  centers  to  increase  by  means  of 
degenerate  branching. 

Dardin  and  Albright (10)  used  ozone  in  the  oxygen  stream 
in  their  study  of  the  partial  oxidation  of  propane  and  found 
that  the  reaction  temperature  required  to  give  conversions  of 
oxygen  and  propane  decreased  as  the  ozone  concentration  in¬ 
creased  from  0  to  4  mole  per  cent  of  the  inlet  oxygen  stream. 

The  ozone  had  little  effect  on  the  product  distribution. 

Slavinskaya  and  co-workers (42 )  reacted  oxygen  and  n- 
butane  in  the  presence  of  ozone  in  a  quartz  reactor  at  tempera¬ 
tures  between  65  and  300°C.  The  addition  of  ozone  gave  higher 
n-butane  conversion  and  increased  the  yield  of  aldehydes. 
Shtern(39)  indicated  that  the  increase  of  hydrocarbon  con¬ 
version  in  the  presence  of  ozone  occurred  by  the  mechanism  of 
the  decomposition  of  ozone  to  give  oxygen  atoms.  The  oxygen 
atoms  reacted  with  the  hydrocarbon  to  initiate  the  chain  reaction. 
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4.  Specialized  Equipment: 

The  partial  oxidation  of  hydrocarbons  has  been  studied 
by  research  workers  in  equipment  that  deserves  individual 
description.  Such  equipment  includes  a  raining  solids  reactor, 
a  motorized  engine,  and  a  cold-hot  annular  tube  reactor. 

Jones  and  Fenske(16)  used  a  raining  solids  reactor 
with  multiple  oxygen  injection  points  in  their  study  of  the 
partial  oxidation  of  several  hydrocarbons.  The  raining  solids, 
between  125  and  300  microns  in  diameter  and  at  rates  of  5  to 
10  pounds  of  solids  per  pound  of  feed,  provided  temperature 
control  in  the  reaction  zone  to  within  10  to  20°C  of  the  desired 
reaction  temperature.  Too  high  a  solids  concentration  decreased 
the  reaction  due  to  the  inhibiting  effect  of  the  excess  surface 
on  the  free  radical  reactions.  At  400°C  and  50  psig,  oxidation 
of  n-butane  gave  a  high  concentration  of  oxygenated  products 
while,  at  atmospheric  pressure,  olefins  predominated.  The 
oxygenated  products  consisted  of  to  aldehydes  and  al¬ 
cohols  while  the  olefins  were  largely  butenes  with  minor  amounts 
of  ethylene  and  propylene. 

Jones  and  co-workers ( 15)  continued  work  with  the  rain¬ 
ing  solids  reactor  and  obtained  optimum  reaction  conditions 
for  n-butane  oxidation  at  375°C  and  high  solids  rate  with  a 
7  second  contact  time.  These  conditions  gave  maximum  conver¬ 
sion  with  a  high  yield  of  oxygenated  products.  An  increase  in 
residence  time  increased  carbon  dioxide  production  at  the 
expense  of  oxygenated  products  and  olefins. 
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Boegel  and  co-workers ( 4)  used  a  motored  engine  reactor 
with  a  compression  ratio  that  could  be  varied  up  to  32  to  1. 

The  advantage  of  a  motored  engine  was  that  the  cycle  operation 
gave  high  temperatures  and  pressures  for  only  a  very  short 
period  of  time.  This  permitted  the  reactions  to  be  initiated 
and  then  quenched  at  any  stage  by  the  proper  selection  of 
reaction  variables.  Thermal  cracking  and  oxidation  of  n-pentane 
took  place  at  peak  temperatures  in  excess  of  1000°F.  Conversion 
of  n-pentane  to  oxygenated  products  was  limited  but  the  thermal 
cracking  was  extensive. 

Oberdorfer  and  Winch (31)  studied  the  oxidation  of 
methane  in  a  motored  engine  reactor  with  a  compression  ratio 
of  40  to  1.  Methanol,  formaldehyde,  and  formic  acid  were  the 
chief  products  formed.  Carbon  monoxide  and  hydrogen  were  also 
formed  in  an  amount  approximately  equal  to  the  total  oxygenated 
products  at  peak  temperatures  up  to  1400°F. 

Gudkov (14)  employed  an  annular  tube  reactor  in  the 
study  of  methane  and  propane  oxidation.  The  outer  wall  of  the 
annulus  was  heated  to  600  to  700°C  and  the  inner  wall  of  the 
annulus  was  cooled.  Water  passed  up  through  the  inner  tube 
to  keep  the  wall  cool  and  a  water  film  also  flowed  down  the 
1  outer  surface.  Diffusion  processes  played  an  important  part 
in  the  reaction  as  intermediates,  formaldehyde  and  methanol, 
diffused  into  the  water  film  and  were  removed  from  the  reactor 
before  they  reacted  further.  The  temperature  in  the  annular 

f 

space  was  more  or  less  stable  with  the  major  temperature 
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gradients  being  in  the  boundary  layers  at-^the  walls.  Methane 

i 

and  propane  oxidation  in  the  cold-hot  reactor  produced  form¬ 
aldehyde  concentration  5  to  6  times  higher  for  methane  and  2 

-n  '  s 

to  3  times  higher  for  propane  than  in  any  ordinary  tubular 
reactor  at  the  same  conditions. 

5.  Product  Analysis: 

Prior  to  the  debut  of  gas  chromatography  as  a  method 
for  the  quantitative  analysis  of  complex  product  mixtures  a 
variety  of  chemical  and  physical  analyses  had  been  used..  One 
technique  was  fractional  distillation  of  the  liquid  product  and 
Orsat  analysis  of  the  gas  samples  by  Duthie(ll).  Dalla  Lana(9) 
and  Musgrove(27)  analysed  the  liquid  product  by  mass  spectro¬ 
meter  and  the  gas  samples  by  Orsat  analysis.  A  combination  of 
chemical,  polarographic ,  and  mass  spectrometric  methods  were 
employed  by  Oberdorfer  and  Winch (31). 

Gas  chromatography  provides  a  more  accurate  analysis 
than  any  of  the  previous  methods,  especially  for  components 
having  a  very  low  concentration.  Skrivan(40),  Kalvinskas ( 18 ) , 
Sandler  and  Beech (35),  and  Kyryacos  and  co-workers ( 20 )  have 
all  used  gas  chromatographic  procedures  to  analyse  products 
formed  in  the  partial  oxidation  of  hydrocarbons. 

B .  Reaction  Mechanism  and  Rate  Expressions 

During  the  early  research  on  hydrocarbon  oxidation 
several  chemical  schemes  were  put  forward  for  the  mechanism 
of  this  reaction.  They  have  been  discussed  in  detail  by 
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Dalla  Lana(9),  Kalvinskas ( 18) ,  and  Shtern(39)  and  will  not  be 
discussed  further  in  this  survey. 

The  most  recent  mechanism,  a  free  radical-chain 
scheme,  involves  the  formation  of  intermediate  peroxide  and 
hydrocarbon  radicals.  Benson (2)  describes  a  chain  reaction  as 
the  sum  of  a  number  of  chain  steps  to  yield  the  overall  reaction. 
Reactants  are  consumed  and  products  produced  but  the  concentra¬ 
tion  of  intermediates  which  propagate  the  reaction  is  controlled 
by  initiation  and  termination  steps.  The  number  of  overall 
reactions  between  initiation  and  termination  is  the  chain  length. 

The  chain  initiation  step  for  the  oxidation  of  hydro¬ 
carbons  is  presented  by  Shtern(39)  and  Appleby  and  co-workers ( 1) 
as  the  reaction  between  a  hydrocarbon  molecule  and  an  activated 
oxygen  molecule  to  form  radicals,  as  shown  below: 

RH  +  02  - >  R*  +  HC>2  (10) 

Skrivan(40)  used  the  activated  oxygen  molecule  theory 
in  the  partial  oxidation  of  n-butane  to  describe  the  initiation 
reaction  and  postulated  that  the  activated  oxygen  molecules 
were  formed  in  the  collisions  with  other  molecules.  Equations 
(2)  and  (3)  represent  the  formation  of  activated  oxygen 
molecules  by  collision  with  other  oxygen  molecules  and  any 
other  molecule  A.  Equation  (4)  is  the  reaction  between  the 
activated  oxygen  molecule  and  the  butane  molecule. 

The  rate  of  conversion  of  butane  is  given,  according 
to  Skrivan,  from  equation  (4)  as: 
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dxB 

dt 


k.x 


3  "°2  *B 


(11) 


k3klXBX°2 


k  ,  x  +  k-.x 
-1  O2  3  B 


(12) 


If  k  , x 
-1  o 


is  considered  negligible  compared  to  k3xB, 


where 


dxB 

dt 


k,  x 
1  o 


2 

2 


(13) 


xB  =  butane  concentration  in  mole  fraction 

x  =  oxygen  concentration  in  mole  fraction 

°2 

t  =  time 

k^  =  forward  rate  constant  of  reaction  (2) . 

To  check  the  proposed  rate  equation,  Skrivan  plotted  the  rate 
of  butane  conversion  versus  the  oxygen  concentration  on  a  log- 
log  plot  which  gave  a  linear  relationship  with  a  slope  of  2.2. 
This  slope  compared  favorably  with  the  theoretical  slope  of  2 
from  equation  (13).  As  a  further  check  of  the  rate  equation, 
the  rate  of  butane  conversion  was  plotted  against  the  second 
power  of  the  oxygen  concentration  at  constant  temperature.  The 
plot  gave  a  linear  relationship  with  a  slope  equal  to  the  rate 
constant  and  passed  through  the  origin. 

Skrivan (40)  proposed  a  set  of  twenty-two  equations  to 
account  for  the  major  components  identified  by  gas  chromato¬ 
graphy.  The  components  were  mainly  in  three  categories, 
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namely,  butenes,  cracking  products,  and  oxygenated  compounds. 
The  reactions  all  depend  either  directly  or  indirectly  on  the 
path  of  the  butyl  radical.  The  three  initiating  reactions 
have  been  given  in  equations  (2),  (3),  and  (4).  The  remaining 

equations,  mainly  chain  propagating  equations,  are  as  follows: 


C4H9  +  °2  - »*  C4H90O  ’ 

(14) 

C4H9  +  °2  - *  C4H8  +  H02 

(15) 

C„Ho00  *  - > C0H  CHO  +  CHo0  * 

4  y  z  5  j 

(16) 

C  .Hn00  *  - y  CHoCH0  +  CoHc0  9 

4  9  3  2  5 

(17) 

ch3o-  +  c4h10 - >CH3OH  +  c4h9 

(18) 

c2hso-  +  c4h10 - >■  c2h5oh  +  C4Hg 

(19) 

C4H9  - ♦  C3H6  +  CH3 

(20) 

C4H9  - *  C2H4  +  C2H5 

(21) 

CH*  +  02  - >  HCHO  +  OH  * 

(22) 

c4h9  +  CH3CHO  — ^c4h10  +  ch3co 

(23) 

CH  CO’  - >  CO  +  CH3 

(24) 

C  H  *  +  HCHO  - *  C.H  +  CH0  * 

4  9  4  10 

(25) 

CHO*  - >  CO  +  H  * 

(26) 

£0  4  pHjO 


•  00^0 


HO  +  O.HD 


01 V  +  °dH£3 


O  £ 


3  +  ’.HO 


•r?0e  iO  n  :  '  «- 


*0!3r»  *  _  H.  3  4- 


*  OHO 
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H  +  C4H10 

— *  H2  +  C4Hg 

(27) 

CB-  +  C4H1q 

CH4  +  C4Hg 

(28) 

C2H5  +  C4H10 

-►  C2H6  +  C4H9 

(29) 

H02  +  C4H10 

->  H202  +  C4Hg 

(  30) 

n2°2  >  H2°  ' 

1 

2  02  at  the  wall 

(31) 

C4H900'  +  C4H10 

- >  C .H  00H  +  C  H * 

4  9  4  9 

(32) 

The  work  of  Norikov  and  Blyumberg( 29 )  supports  this 
reaction  scheme  as  they  identified  isobutyl  peroxide  radicals 
in  the  oxidation  of  i- butane.  Cartlidge  and  Tipper (6)  found 
appreciable  amounts  of  butyl  peroxide,  C^H^OOH,  present  as 
well  as  hydrogen  peroxide  in  a  glass  reactor  at  315  to  345°C. 
Zeelenberg( 45)  oxidized  neo-pentane  and  identified  neo-pentyl 
radicals.  He  described  the  termination  step  as  the  reaction 
between  the  peroxide  radicals  and  hydrocarbon  radicals  to 
form  alkyl  peroxides. 

Satterfield  and  co-workers( 38)  studied  the  oxidation 
of  propane  at  temperatures  between  350  and  475°C  and  their 
reaction  products  agree  with  the  scheme  set  up  by  Skrivan(40) . 
In  a  spherical  glass  reactor  with  reactants  entering  tangen¬ 
tially  and  products  being  removed  at  the  center,  a  high  con¬ 
centration  of  hydrogen  peroxide  was  reported  as  a  means  of 
supporting  the  formation  of  the  peroxide  according  to  reaction 
(6)  rather  than  by  the  reaction 

2H02 


*■  H202  +  O,  at  the  wall  (33) 
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The  disappearance  of  propionaldehyde  at  high  temperatures  is 

explained  by  Satterfield  and  co-workers  as  the  decomposition 

C.H  CHO  - ^  C»Hr  +  CO  (34) 

zb  zb 


Appleby  and  co-worker s( 1)  outlined  a  set  of  ten  re¬ 
actions  for  the  partial  oxidation  of  n-butane  at  temperatures 
around  500°C.  At  these  temperatures  the  free  radical  reactions 
of  hydrocarbons  were  important  and  the  only  liquid  product 
was  water  formed  by  the  decomposition  of  hydrogen  peroxide. 

The  reactions,  given  below,  indicate  the  absence  of  carbon 
oxides  and  hydrogen. 


K, 


C4H10  +  °2 


C  H *  + 

4  9  2 


H°2  +  C4H10 


2H°2 


-»  C4Hg  +  HO ^ 


K, 


K, 


+  C4H8  +  H°2 


->  h2q2  +  c4h9 


K 


*  H2°2  +  °2 


(35) 
(15) 
(30) 

(36) 


K 


H2°2 

K, 


2H0- 


C4H9 


— >  H20  +  —  02  at  the  wall  (31) 
>  H^O  +  1~  at  the  wall  (37) 


K. 


2  2 


c ~Hr  +  ch; 

3  6  3 


K 


CH3  +  C4H10 


8 


K, 


C  H* 
4  9 


-*•  CH4  +  C4H9 


->  c„n.  +  c.h: 

z  4  zb 


K 


C2H5  +  C4H10 


10 


>  c2h6  +  c4h9 


(20) 

(28) 

(21) 

(29) 
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Appleby  and  co-worker s( 1)  derived  a  rate  expression 
from  the  above  equations,  which  is  given  as; 


4  10  *  V2kZ  \l  —  (C4H10)  3//2  (02)1//2  (38) 


dt 


K 


or 


d(C4H10) 

dt 


K(C4H10)3/2  <°2> 1/2 


(39) 


where 


C4H10  =  mo^-e  fraction  of  n-butane 
(>2  =  mole  fraction  of  oxygen 
K  =  rate  constant,  lb. moles/ft.  min. 

Kalvinskas( 18)  studied  the  partial  oxidation  of  n-butane  at 
temperatures  between  360  and  760°C  in  a  porcelain  reactor. 

He  analysed  only  the  gas  phase  products  and  assumed,  similar 
to  Appleby  and  co-workers( 1) ,  that  there  was  only  water  in 
the  liquid  phase.  The  oxidation  data  was  correlated  using 
the  rate  equation  (39)  proposed  by  Appleby  and  co-workers.  A 
least  squares  fit  of  the  data  gave  a  reaction  rate  constant 


equation 


log  K  =  -1.1797  -  746.647  ( 


00135) 


+  1.25508  x  107  (-  -  . 00135) 2  (40) 


where 


T  =  temperature  in  °K 

Kalvinskas( 18)  indicated  that  the  reaction  rate  passed 
through  a  minimum  with  respect  to  temperature.  This  phenome- 
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non  was  noted  before  by  Satterfield  and  co-workers( 38)  in  the 
oxidation  of  propane  and  was  discussed  by  Shtern(39) .  The 
decrease  in  reaction  rate  is  due  to  a  change  in  mechanism  as 
the  temperature  increases.  At  low  temperatures  the  reaction 
rate  is  high  because  of  the  importance  of  the  peroxide  radical 
reactions  but  at  high  temperatures  the  cracking  reactions  give 
the  high  reaction  rate.  At  intermediate  temperatures  it  is 
possible  to  obtain  the  situation  in  which  the  peroxide  radical 
reactions  have  ceased  to  be  important  due  to  the  instability 
while  the  cracking  reactions  have  not  become  prominent  be¬ 
cause  of  too  low  a  temperature.  This  results  in  a  decreased 
reaction  rate. 

C .  Summary 

As  indicated  by  the  discussion  of  literature  published 
on  the  partial  oxidation  of  hydrocarbons,  much  work  has  been 
done  using  both  static  and  flow  systems  to  describe  the 
effect  of  reaction  variables  on  the  overall  reaction  and  to 
determine  the  reaction  mechanism.  However,  there  is  a  short¬ 
age  of  information  on  the  effect  of  residence  time  on  the  re¬ 
action  and  on  reactions  occurring  during  the  initiation  period. 

In  the  static  systems  used  by  Zeelenberg  and  Bickel(46), 
Appleby  and  co-workers ( 1) ,  and  others,  the  reaction  between 
the  hydrocarbon  and  oxygen  took  place  for  a  certain  period  of 
time  and  was  terminated  by  cooling  the  product  gases  below 
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reaction  temperature.  The  length  of  time  that  the  reactants 
we re  in  the  reaction  vessel  governed  the  residence  time,  A 
sample  taken  from  the  reaction  mixture  after  the  reaction  was 
stopped  was  analysed  in  order  to  determine  the  product  dis¬ 
tribution.  To  study  the  effect  of  residence  time,  a  number 
of  experiments  were  necessary  and,  as  a  result,  any  variations 
in  initial  temperature  and  gas  compositions  caused  differences 
in  product  distribution  that  were  not  due  to  the  effect  of 
residence  time. 

For  flow  systems,  two  methods  were  used  to  study  the 
partial  oxidation  of  hydrocarbons.  Dalla  Lana(9)  and 
Skrivan(40)  were  among  the  group  of  research  workers  that 
used  a  reactor  of  constant  length  and  varied  the  flow  rate 
through  the  reactor  to  obtain  different  residence  times.  With 
this  type  of  a  system,  the  effect  of  mass  velocity  on  the 
reaction  interfered  with  the  effect  of  residence  time.  Mus- 
grove(27)  and  Kalvinskas( 18) ,  along  with  other  workers,  varied 
the  residence  time  in  their  equipment  by  varying  the  reactor 
length.  This  technique  provided  information  for  variable 
residence  times  at  a  constant  mass  velocity  but  separate  runs 
were  required  for  each  residence  time. 

In  most  flow  systems,  sampling  of  the  product  stream 
took  place  at  the  reactor  exit  after  the  reaction  gases  had 
been  cooled  by  water  injection  and  over  a  considerable  period 
of  time.  The  water  injection  provided  rapid  quenching  but 
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created  inaccuracies  in  the  liquid  product  analysis  due  to 
dilution.  Sampling  over  a  long  period  of  time  gave  average 
values  for  product  distribution  but  any  instabilities  in  the 
system  during  the  sampling  period  caused  errors. 

The  work  of  Jones  and  Fenske(16)  and  Jones  and  co- 
workers(15)  with  the  raining  solids  reactor  was  important  as 
it  provided  a  method  of  temperature  control  in  the  reaction 
zone.  If  the  exothermic  heat  of  reaction  is  not  removed  ra¬ 
pidly,  the  reaction  temperature  increases  by  as  much  as  100  to 
300 °F  and  a  different  set  of  reactions  becomes  important.  Use 
of  the  raining  solids  maintained  reaction  temperatures  within 
10  to  20 °C  of  the  inlet  temperature  without  significantly  in¬ 
hibiting  the  reaction. 

The  free  radical-chain  mechanisms  proposed  by  Skri- 
van(40)  and  Appleby  and  co-worker s( 1)  differ,  depending  on 
the  temperature  range  involved.  The  mechanism  used  by  Skri- 
van  for  temperature  between  275  and  350 °C  described  the  for¬ 
mation  of  aldehydes,  alcohols,  peroxides,  unsaturated  and 
saturated  hydrocarbons, water ,  and  carbon  monoxide.  However, 
it  failed  to  describe  the  formation  of  either  carbon  dioxide 
which  was  present  in  most  product  analyses  or  ketones  which 
have  been  reported  by  Dalla  Lana(9) ,  Norikov  and  co-workers( 30) 
and  others. 

The  reaction  scheme  proposed  by  Appleby  and  co- 
workers(l)  for  temperatures  near  500°C  and  used  by  Kalvinskas( 18) 
for  temperatures  between  360  and  /60°C  predicted  the  formation 
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of  unsaturated  and  saturated  hydrocarbons,  hydrogen  peroxide, 
and  water.  It  did  not  explain  the  formation  of  carbon  oxides 
even  though  they  were  reported  by  both  Appleby  and  co-workers 
and  Kalvinskas.  It  neglected  the  formation  of  oxygenated 
products  which  are  known  to  be  present,  especially  at  the 
lower  temperatures  used  by  Kalvinskas. 
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SCOPE  OF  THIS  INVESTIGATION 

The  overall  scope  of  the  study  of  the  partial  oxida¬ 
tion  of  n-butane,  of  which  this  is  the  first  phase,  is  the 
investigation  of  the  effect  of  reaction  variables  on  product 
distribution  and  the  examination  of  methods  of  temperature 
control  in  the  reaction  zone.  The  basic  purpose  of  the  study 
is  to  obtain  information  on  the  initiating  reactions  and 
reaction  mechanism  with  the  ultimate  goal  being  a  rate  ex¬ 
pression  . 

The  initial  step  in  the  present  program  was  the  de¬ 
sign  and  construction  of  a  reactor  that  would  be  versatile 
and  easily  adaptable  over  a  wide  range  of  temperature,  pres¬ 
sure,  and  flow  conditions.  Much  of  the  versatility  was  in¬ 
cluded  so  that  future  work  may  be  carried  out  without  major 
equipment  revision.  A  study  of  the  equipment  used  by  re¬ 
searchers  in  previous  flow  systems  indicated  several  ways  that 
the  present  equipment  design  could  be  improved.  These  improve¬ 
ments  either  eliminated  or  minimized  variations  in  product 
distribution  caused  by  effects  other  than  the  effect  of  the 
reaction  variable  to  be  studied. 

The  reactor  was  designed  with  five  sample  points  along 
the  reactor  which  permitted  multiple  sampling  of  each  experi¬ 
mental  run.  Previous  research  workers  sampled  product  gases 
at  the  exit  only  and  had  to  make  multiple  runs  with  either 
different  flow  rates  or  different  reactor  lengths  in  order  to 


«o  E9lcf6 riev  noxdoEox  5o  ioe&o  oftt  3o 

,  3  9rtd  50  9eoq?«q  ot?**  **  •9noS  *°“0**'!  9,!  al  "'  'Kt'J 
..  3  :  pnxod  I60T>'  aierudi  ©rid  riJiw  noi  *9M1 


jB8W  cdt  biwow  xrfd  w>i»  o-  -  ncMo^ienoo  bow  «H?i® 

.  io  .q  oc.vod  to  '■•.ms.  obxw  5  tovo  9id6dq»b*  \1  xbbo  b«*. 

-nx  w  vdilidsanov  ori.  To  dot*'  .*  did  i-bnoa  wo  :‘>  bhe  ,sii 
noi  em  duofldxw  duo  bsxniso  od  yem  *ow  ©ludud  derix  oa  bofeolo 
-£  i  vd  bes  on  ,  3  wpf  *dd  io.y,  b£  A-  .noxaxvon  Jnsmqiwpo 

x  t  j  ?.  '  x  o  j  x  ’  d  '.iic  v  no  u 

-  r  oqxo  OG9  3o  pnilcrmsa  olqi-iii/m  ifoiriw  'lodoser?  orfJ 

E986p  ot/fooiq  bol qn*‘oB  e^9>(Tovr  fro^sas1!  euoi:v9^cI  .  nu  IsJnem 

■ 


27 


study  the  effect  of  residence  time  on  the  overall  reaction. 
Product  distribution  differences  were  introduced,  not  only  be¬ 
cause  of  the  effect  of  residence  time  which  was  desired,  but 
also  due  to  slight  differences  in  the  system  parameters  for 
the  different  runs  and  the  effect  of  the  flow  rate  through  the 
reactor.  The  present  reactor,  with  multiple  sample  points, 
eliminates  the  outside  effects  as  each  experimental  run  per¬ 
mits  samples  to  be  taken  at  five  residence  times. 

Rapid  sampling  was  incorporated  into  the  design  of 
the  sampling  system  in  order  to  minimize  the  effect  of  any 
fluctuations  in  the  system  during  sampling.  If  a  sample  is 
collected  over  a  considerable  period  of  time,  any  fluctuations 
cause  product  composition  variations  and  the  sample  obtained 
is  an  average  one.  Rapid  sampling,  in  the  order  of  5  to  10 
seconds  per  sample,  decreases  the  possibility  of  any  fluctua¬ 
tions  occuring  and  allows  resampling  if  any  fluctuations  in 
reaction  conditions  we re  noticed.  Rapid  sampling  was  only 
possible  because  a  gas  chromatograph  was  to  be  used  for  pro¬ 
duct  analysis  and  only  a  small  sample  was  required. 

The  control  of  all  reaction  variables,  namely,  tempera 
ture,  pressure,  and  reactant  flow  rates,  was  accomplished  by 
the  use  of  either  pneumatic  or  electronic  control  circuits. 

The  use  of  the  control  circuits  gave  accurate  control  of  the 
reaction  variables,  much  more  so  than  manual  control.  Eurther 
more,  duplicate  experimental  runs  could  be  made  at  exactly 
the  same  conditions  in  order  to  check  reproducibility  of 
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results . 

Allowances  were  made  in  the  design  of  equipment  so 
that  it  could  be  adapted  to  many  uses.  Each  major  component, 
such  as  the  feed  system,  the  preheater,  the  reactor,  and  the 
exit  section,  is  designed  to  be  independent  of  all  others  to 
allow  any  one  section  to  be  changed  without  affecting  the 
others.  The  basic  design  included  pieces  of  equipment  in  the 
preheater  and  exit  section  to  allow  future  modification  of  the 
system  to  study  suspended  solids  flow  in  the  gas  stream  as  a 
means  of  temperature  control.  Extra  coils  are  designed  for 
the  preheater  in  which  the  solid  particles  may  be  heated  to 
the  entrance  temperature.  The  exit  section  design  includes 
a  cyclone  separator  and  solids  container  for  the  removal  and 
storage  of  the  solids. 

Initial  evaluation  of  the  equipment  and  investigation 
of  the  effect  of  inlet  temperature  and  oxygen  concentration 
on  the  partial  oxidation  reaction  were  the  final  steps  in  the 
present  program.  By  choosing  the  correct  residence  time  for 
the  n-butane  and  air,  it  was  possible  to  obtain  product  samples 
in  the  induction  period,  during  the  period  of  rapid  reaction, 
and  in  the  period  following  the  rapid  reaction  when  little 
reaction  takes  place.  Analysis  of  the  samples  provided  in¬ 
formation  on  the  course  of  the  reaction  and,  ultimately,  should 
lead  to  a  better  knowledge  of  the  initiating  and  secondary 
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EQUIPMENT  AND  OPERATING  PROCEDURE 

The  experimental  equipment,  as  represented  in  Figures 
1  to  7  inclusive,  consists  mainly  of  the  n-butane  and  air 
feed  systems,  the  preheater,  the  reactor  with  its  temperature 

measuring  and  product  sampling  equipment,  the  temperature 

* 

control  circuits,  and  the  gas  chromatograph  for  analysis  of 
the  product  samples. 

Figure  1,  a  schematic  diagram,  gives  the  overall  lay¬ 
out  of  the  equipment  and  instrumentation  used  to  control  the 
feed  rates,  the  reactor  pressure,  and  the  preheater  and  re¬ 
actor  temperatures.  Preheater  and  reactor  details  are  shown 
in  Figures  2  and  3,  respectively.  These  Figures  outline  the 
n-butane  and  air  preheater  coils,  the  mixing  section  at  the 
reactor  entrance,  and  the  reactor.  Also  shown  are  the  loca¬ 
tion  of  thermocouples  for  temperature  measurement  and  control 
in  the  preheater  and  reactor  as  well  as  the  positioning  of 
the  sample  lines  along  the  reactor.  Figure  4  locates  the 
thermocouples,  between  any  two  electrical  heaters,  in  the  gas 
stream  and  reactor  wall  in  relation  to  the  sample  lines  and 
electrical  heater  leads.  The  electronic  circuits,  as  de¬ 
picted  in  Figures  5,  6  and  7,  are  used  to  control  the  pre¬ 
heater  temperatures. 
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A.  Feed  Systems 

The  n-butane  is  fed  to  the  preheater  as  a  liquid  and 
the  flow  rate  is  controlled  using  a  Foxboro  Integral  D/P  Cell 
and  Pneumatic  Control  Valve  with  a  Foxboro  Model  58  Universal 
Pneumatic  Controller. 

The  n-butane  is  transferred  from  the  storage  tank,  as 
shown  in  Figure  1,  to  the  feed  tanks  by  means  of  a  pressure 
differential  created  by  pressurizing  the  storage  tank  with 
nitrogen.  The  n-butane  in  the  feed  tanks  is  then  pressurized 
with  nitrogen  and  held  at  a  constant  pressure  as  the  n-butane 
is  fed  to  the  preheater. 

The  n-butane  feed  tanks  each  have  a  volume  of  0.288 
cubic  feet  and  are  connected  with  1/4  inch  copper  tubing  in 
such  a  way  that  the  feed  may  be  drawn  from  one  or  both  tanks 
simultaneously.  With  these  connections,  it  is  possible  to  be 
feeding  from  one  feed  tank  while  filling  the  second  one  from 
the  n-butane  storage  tank.  A  sight  gauge  is  incorporated  in 
the  feed  tank  system  to  allow  checking  of  the  n-butane  liquid 
level  in  the  feed  tanks. 

The  liquid  n-butane  from  the  feed  tanks  flows  through 
the  Integral  D/P  Cell  in  which  the  flow  rate  is  measured  by 
the  pressure  drop  in  inches  of  water  across  the  integral 
orifice.  The  Integral  D/P  Cell  has  an  orifice  diameter  of 
0.02  inches  and  a  pressure  difference  range  o.l  0  to  2  50  inches 
of  water.  The  n-butane  passes  through  the  pneumatically  operated 
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FIGURE  1:  SCHEMATIC  LAYOUT  OF  EQUIPMENT. 
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control  valve  and  into  the  preheater  coil.  The  control  valve 
is  a  Foxboro  Type  V4  Needle  Valve,  body  size  1/2  inch,  with  a 
needle  size  of  0.024  inches  (Cv  =  0.0052).  The  Cv  value  of 
a  control  valve  is  defined  as  the  number  of  U.S.  gallons  per 
minute  of  water  discharged  through  the  wide  open  valve  with 
a  1  psi  pressure  drop  across  it. 

The  air  to  be  fed  to  the  preheater  flows  from  a  com¬ 
pressor  operating  at  90  psig.  It  passes  through  a  trap  to 
remove  any  entrained  water  (see  Figure  1)  and  through  a  Cono¬ 
flow  pressure  regulator  which  regulates  the  air  pressure  to 
the  D/P  Cell  and  control  valve.  A  volume  tank,  having  a 
volume  of  0.3  cubic  feet,  between  the  pressure  regulator  and 
the  D/P  Cell  dampens  any  fluctuations  in  line  pressure  that 
pass  through  the  regulator.  A  second  volume  tank,  0.1  cubic 
foot,  acts  to  dampen  any  pressure  fluctuations  created  by  a 
sudden  movement  of  the  control  valve  before  they  reach  the 
Integral  D/P  Cell.  This  volume  tank  is  installed  between  the 
Integral  D/P  Cell  and  the  control  valve. 

The  Integral  D/P  Cell  for  the  air  has  a  0.0595  inch 
diameter  orifice  and  a  pressure  difference  range  set  at  100 
inches  of  water.  The  control  valve  is  a  Foxboro  Type  V4 
Needle  Valve,  body  size  1/2  inch,  with  a  needle  size  of  1/8 
inch  (Cv  =  0.07). 

The  flow  rates  of  the  n-butane  and  air  are  each  con¬ 
trolled  with  a  Foxboro  Model  58  Universal  Pneumatic  Controller 
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which  receives  a  signal  from  the  D/P  Cell,  compares  it  with 
the  manual  set  point  and  sends  a  signal  proportional  to  the 
error  to  the  control  valve  to  regulate  the  flow.  The  signal 
from  each  D/P  Cell  to  the  controller,  which  is  a  measure  of 
the  flow  rate,  is  recorded  on  the  recorder  chart  built  into 
the  Controller.  In  addition,  the  signal  goes  to  a  gauge  with 
a  square  root  dial  which  indicates  the  flow  rate  as  a  per  cent 
of  the  maximum  flow.  With  these  gauges  in  the  system,  the  n- 
butane  and  air  flow  rates  may  be  checked  without  referring  to 
the  controller  charts. 

Instrument  air  for  the  flow  control  systems  and  the 
pressure  control  components  is  taken  from  the  main  air  line 
immediately  after  the  water  trap,  as  indicated  in  Figure  1. 
This  air  stream  passes  through  two  Fisher  Governor  Company 
filter-regulators,  in  parallel  operation,  which  remove  any 
traces  of  water  remaining  in  the  air  and  reduce  the  pressure 
to  20  psig,  the  required  instrument  air  pressure.  Gauges  on 
the  filter-regulators  indicate  the  instrument  air  line  pres¬ 
sure  . 

Tv/o  features  are  incorporated  in  the  feed  system  to 
insure  safe  operation  of  the  equipment.  Check  valves  are 
installed  in  both  the  n— butane  and  air  lines  immediately  fol¬ 
lowing  the  control  valves  to  prevent  any  flow  of  gas  or  liquid 
mixtures  back  into  the  feed  system.  Also,  the  control  valves 
on  both  feed  lines  operate  in  such  a  fashion  that,  in  the 
event  of  failure  of  the  instrument  air,  they  automatically 
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close  and  stop  all  flow  into  the  reactor.  Other  safety  measures 
are  taken  and  they  will  be  described  along  with  the  part  of 
the  equipment  containing  the  safety  feature. 

B .  Preheater 

The  preheater,  as  shown  in  Figure  2,  contains  the 
individual  coils  to  preheat  the  n-butane  and  air,  the  electri¬ 
cal  heaters, the  n-butane  and  air  mixing  section  just  prior  to 
the  reactor  entrance,  and  insulation  to  decrease  heat  losses 
to  the  surroundings . 

The  n-butane  flows  from  the  flow  control  valve  to  the 
preheater  coil  at  the  top  of  the  preheater  as  a  liquid  and, 
as  it  f 1 o w s  downward,  vaporizes  and  its  temperature  increases 
to  the  reactor  entrance  temperature.  The  air  flows  into  a 
second  coil  at  the  preheater  entrance  and  is  heated  while 
flowing  through  the  coil. 

The  preheater  coils  are  spiral  coils  made  from  Type 
304  Stainless  Steel  tubing  with  a  0.375  inch  outside  diameter 
and  a  wall  thickness  of  0.065  inches.  The  spiral  coils  have 
a  6  inch  pitch  and  an  inside  coil  diameter  of  2.875  inches. 

The  n-butane  coil  is  constructed  from  an  11  foot  length  of 
tubing  to  give  10  complete  spirals  with  an  overall  length  of 
5  feet  in  the  preheater  and  allowing  6  inches  of  tubing  at 
each  end  for  connections.  The  air  coil  is  similar  except 
that  it  has  only  5  complete  spirals.  The  preheater  coils  are 
supported  by  a  5  foot  length  of  2-1/2  inch  mild  steel  pipe 
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FIGURE  2:  PREHEATER  DETAIL  .  SCALE: 
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inserted  inside  the  coils.  The  n-butane  coil  extends  all  the 
way  up  the  preheater  and  support  pipe  while  the  air  coil,  in 
the  bottom  part  of  the  preheater,  reaches  only  halfway  up  the 
preheater  and  support  pipe.  At  this  point  the  tubing  passes 
through  an  opening  in  the  support  pipe  wall  and  connects  to  a 
straight  length  of  tubing  to  the  top  of  the  preheater . 

Three  cylindrical  Kanthal  heaters.  Type  REH  10-60, 
fit  outside  the  preheater  coils  as  the  heat  source.  Each 
heater  has  a  heating  length  of  19.70  inches,  an  inside  diameter 
of  3.94  inches,  and  an  outside  diameter  of  5.09  inches.  The 
heaters  are  mounted  vertically  one  above  the  other  around  the 
preheater  coils  with  a  gap  of  0.3  inches  between  each  to  give 
a  total  heating  height  of  5  feet.  The  three  heaters  are  con¬ 
nected  in  series,  each  heater  having  maximum  rating  of  2750 
watts  at  64  volts  and  43  amperes,  to  produce  a  maximum  heat 
load  of  8250  watts  at  192  volts  and  43  amperes  in  the  pre¬ 
heater  . 

The  tubular  element  consists  of  a  Kanthal  A-l  alloy 
strip  in  the  shape  of  a  spiral.  The  individual  turns  of  the 
spiral  are  insulated  from  each  other  with  ceramic  T-rorm  sepa¬ 
rators.  Thus,  the  turns  can  lie  close  to  each  other  and  pro¬ 
duce  a  high  concentration  of  heat  and  an  equal  temperature  dis¬ 
tribution  inside  the  element.  The  T-separators  are  fixed  to 
the  outer  side  of  the  tubular  element  with  a  ceramic  embedding 
material  about  1/2  inch  thick.  The  T-separators  protrude 
beyond  the  Kanthal  strip  on  the  inner  side  of  the  tubular 
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element  and  prevent  the  preheater  coils  from  touching  and 
shorting  the  heater  element . 

Below  the  final  heating  element,  the  n-butane  and 
air  coils  are  connected  to  a  common  header,  as  indicated  in 
Figure  2,  with  Swagelok  Type  316  fittings.  In  the  header  the 
feed  streams  come  together  and  mix  as  they  flow  through  a  6- 
inch  length  of  Type  316  Stainless  Steel  tubing,  with  an  inside 
diameter  of  0.625  inches  to  the  reactor  entrance. 

Two  thermocouples  are  inserted  into  the  center  of 
the  gas  stream  through  the  tubing  wall .  One  thermocouple 
measures  and  records  the  temperature  of  the  gas  in  the  mixing 
section  and  the  second  one  acts  as  the  measuring  element  for 
the  preheater  temperature  control  circuit. 

A  3/4  inch  Farris  Safety-Relief  Valve  Type  2745/S4  is 
connected  to  the  preheater  mixing  section  with  3/4  inch  Stain¬ 
less  Steel  pipe  fittings  to  guard  against  equipment  failure 
in  the  event  of  a  sudden  increase  in  reactor  pressure.  The 
exit  line  from  the  Safety-Relief  Valve  connects  directly  to 
the  steam  ejector  system  used  to  vent  all  reaction  products 
to  the  atmosphere.  The  Safety-Relief  Valve,  with  a  set  of 
replacement  compression  springs,  has  a  release  pressure  which 
is  adjustable  over  a  wide  range.  The  release  pressure  is 
adjusted  by  interchanging  compression  springs. 

The  mixing  section  is  insulated  with  asbestos  tape  2 
inches  wide  and  1/8  inch  thick  wrapped  around  the  tubing  and 
header  to  a  thickness  of  1  to  2  inches.  A  4  inch  thickness 
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of  John s-Manvi lie  Thermobestos  pipe  insulation  fits  outside 
the  three  Kanthal  heaters  and  mixing  section  to  minimize  heat 
losses.  Thermobestos  pipe  insulation  is  a  calcium  silicate 
insulation  capable  of  withstanding  temperatures  to  1200 °F  and 
having  a  thermal  conductivity  of  0.045  BTU/hr.ft2  °F/ft  at  an 
average  temperature  of  600 °F . 

C .  Reactor 

The  n-butane  and  air  stream  flows  from  the  preheater 
into  the  reactor .  Thermocouples  in  the  gas  stream  and  reactor 
wall  measure  gas  and  wall  temperature  profiles.  Sample  lines 
connect  to  sample  bombs  at  various  points  along  the  reactor 
to  allow  sampling  of  the  reacting  gas  stream. 

The  reactor  is  a  9  foot  length  of  Type  316L  Stainless 
Steel  tubing  with  an  inside  and  outside  diameter  of  0.625  and 
1.25  inches,  respectively.  The  heavy  walled  tubing  is  used  to 
facilitate  the  installation  of  thermocouples  and  sample  lines 
in  the  gas  stream.  Although  at  room  temperature  the  reactor 
is  9  feet  long,  at  reaction  temperatures  it  increases  by 
approximately  1  inch  due  to  thermal  expansion  of  the  Stainless 
Steel  tubing. 

A  flow  nozzle  in  the  reactor  entrance,  as  shown  in 
Figure  3,  insures  complete  mixing  of  the  reactant  stream  from 
the  preheater.  The  nozzle  has  an  entrance  diameter  of  0.625 
inches  which  is  the  same  as  the  reactor  inside  diameter,  a 
throat  diameter  of  0.250  inches,  and  a  downstream  diameter 
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of  0.625  inches,  to  coincide  with  the  reactor  wall.  The  con¬ 
vergent  upstream  angle  in  the  nozzle  is  20  degrees  and  the  di¬ 
vergent  downstream  angle  is  4-3/4  degrees  which  gives  the 
nozzle  an  overall  length  of  3  inches.  Transitions  between  the 
convergent  section,  the  throat,  and  the  divergent  section  are 
slightly  rounded  to  remove  any  sharp  edges. 

The  product  gases  leave  the  reactor  through  a  1/2  inch 
Type  304  Stainless  Steel  pipe,  pass  through  an  in-line  filter 
and  a  pressure  control  valve  to  be  vented,  through  a  steam 
ejector,  to  the  atmosphere.  The  in-line  filter  is  installed 
in  the  line  to  remove  any  solid  particles  that  could  plug  or 
damage  the  pressure  control  valve.  The  filter  element  is  a 
Selas  Micro-Porous  Porcelain  Filter  Candle  Type  FD128  v/hich  is 
contained  in  a  Stainless  Steel  body.  The  filter  candle  is 
8-1/4  inches  in  length  with  an  outside  diameter  and  wall 
thickness  of  1-1/2  inches  and  1/8  inch,  respectively.  The 
filter  candle  has  an  average  pore  diameter  of  20  microns  and 
a  porosity  of  40  per  cent. 

Five  cylindrical  Kanthal  heaters  ,  Type  REH  4-60,  fit 
outside  the  reactor  tube.  The  heaters  are  similar  to  those 
used  in  the  preheat  section  except  that  their  sizes  and  maxi¬ 
mum  ratings  differ.  Each  heater  has  a  heating  length  of 
19.70  inches,  an  inside  diameter  of  1.57  inches,  and  an  out¬ 
side  diameter  of  2 .58  inches.  The  heaters  are  mounted  with 
a  space  of  1.3  inches  between  them  to  allow  room  for  the 
insertion  of  thermocouples  and  sample  lines  inro  the  gas 
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stream  and  reactor  wall.  A  distance  of  1.5  inches  is  allowed 
from  the  reactor  entrance  to  the  top  of  the  uppermost  heater 
so  that  the  reactor  entrance  flange  can  be  screwed  into  place. 
The  base  of  the  bottom  heater  is  2.8  inches  from  the  reactor 
exit.  This  space  provides  for  the  electrical  heater  leads  of 
the  last  heater,  the  thermocouples  and  sample  lines,  and  the 
flange  on  the  reactor  exit.  Each  heater  has  a  small  hole 
through  the  ceramic  embedding  material  at  its  mid  point  so  that 
thermocouples  can  be  placed  in  the  gas  stream.  The  five  Kan- 
thal  heaters  are  connected  in  series  to  give  a  maximum  heat 
load  of  6750  watts  at  150  volts  and  45  amperes. 

The  spaces  between  the  heaters  are  wrapped  with  as¬ 
bestos  tape  as  insulation  to  give  a  diameter  approximately 
equal  to  the  heater  size.  A  4  inch  thickness  of  Thermobestos 
pipe  insulation  fits  outside  the  heaters  and  asbestos  tape  to 
cut  down  the  heat  losses.  All  thermocouples  and  sample  lines 
pass  through  small  openings  in  the  insulation. 

The  reactor  pressure  is  controlled  by  a  Foxboro  Model 
58  P4  Pneumatic  Controller  which  operates  a  control  valve  in 
the  exit  line  to  the  steam  ejector.  A  3/16  inch  Stainless 
Steel  tube  leads  from  a  pressure  tap  below  the  uppermost  re¬ 
actor  heater  to  a  Foxboro  M/44  Pressure  Transmitter  which 
measures  the  pressure  and  sends  a  pneumatic  signal  to  the 
controller .  This  pneumatic  signal  is  transmitted  to  the  n— 
butane  flow  recorder  where  it  is  recorded  on  the  same  chart 
as  the  n-butane  flow  rate.  The  pressure  controller  adjusts 
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the  position  of  the  pressure  control  valve  to  maintain  the 
reactor  pressure  at  a  value  corresponding  to  the  set  point 
pressure.  The  control  valve  is  a  Foxboro  Type  V4  Needle 
Valve,  body  size  1/2  inch,  with  a  needle  size  of  3/16  inches 
(Cv  =  0.28).  The  pressure  control  system  operates  so  that, 
in  the  event  of  failure  of  the  instrument  air,  the  control 
valve  opens  wide  and  prevents  the  build  up  of  reactor  pressure. 

The  temperature  of  the  reacting  gas  stream  is  measured 
using  thermocouples  inserted  into  the  center  of  the  gas  stream 
through  the  reactor  wall.  There  are  ten  thermocouples  in  the 
gas  stream  located  at  the  mid  point  and  below  each  of  the  five 
reactor  heaters.  The  top  thermocouple  in  the  reactor  is  lo¬ 
cated  11.4  inches  below  the  entrance  and  the  remaining  nine 
are  spaced  at  10.5  inch  intervals.  Five  thermocouples  are 
embedded  in  the  reactor  wall  at  points  revolved  180  degrees 
from  the  gas  stream  thermocouples  below  each  heater,  as  shown 
in  Figure  4,  to  measure  the  wall  temperature.  Below  the 
second  heater  from  the  top  an  additional  thermocouple  in  the 
gas  stream  acts  as  the  measuring  element  for  the  reactor 
temperature  control  circuit. 

All  thermocouples,  except  the  two  control  thermo¬ 
couples  in  the  preheater  and  reactor,  are  connected  to  a 
Leeds  and  Northrup  Speedomax  G  Millivolt  Recorder.  The  re¬ 
corder  is  a  sixteen  point  recorder  with  variable  range  and 
zero.  All  sixteen  recorder  channels  are  used  to  record  the 
ten  gas  phase  and  five  wall  temperatures  in  the  reactor  and 
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KANTHAL  HEATER  WITH 
CERAMIC  INSULATION 


GAS  PHASE 
THERMOCOUPLE 
AND  FITTINGS 


REACTOR  TEMP.  CONTROL 
THERMOCOUPLE  AND 
FITTINGS  BETWEEN 
NO.  2  AND  NO.  3 
HEATERS 


WALL  TEMP.  THERMOCOUPLE 


FIGURE  4:  THERMOCOUPLE  AND  SAMPLE  LINE 
LOCATION  BETWEEN  REACTOR  HEATERS.  FULL  SCALE 


the  preheater  temperature.  Channels  1,  2,  4,  5,  7,  8 ,  10,  11, 
13,  and  14  record  the  gas  phase  temperatures  in  the  reactor. 
Channels  3,  6,  9,  12,  and  15  record  the  wall  temperatures  in 
the  reactor  with  channel  3  recording  the  wall  temperature  at 
the  same  location  as  the  channel  2  gas  phase  temperature. 
Channel  16  is  a  record  of  the  preheater  temperature.  Appendix 
I  gives  the  thermocouple  location  for  each  recorder  channel. 

The  thermocouples  are  "Ceramo"  Miniature  Chromel  - 
Alumel  Thermocouples  with  a  1/16  inch  outside  diameter.  A 
"Ceramo"  thermocouple  consists  of  the  Chromel  and  Alumel  con¬ 
ductors,  a  ceramic  insulation,  and  a  Type  310  Stainless  Steel 
sheath  overall.  The  ceramic  insulation  protects  the  con¬ 
ductor  wires  from  each  other  and  from  the  metal  sheath.  The 
hot  junction  is  welded  to  the  tip  of  the  sheath  to  provide  a 
highly  sensitive  thermocouple.  The  thermocouples  are  mounted 
in  the  reactor  wall  with  Swagelok  Type  316  fittings  which  form 
a  pressure  seal  on  the  thermocouple  sheath.  All  thermocouple 
lead  wire  is  asbestos  covered  Chromel -Alumel  lead  wire  with 
braided  Stainless  Steel  wire  on  the  outside  to  act  as  an 
electrical  shield. 

A  1/8  inch  Stainless  Steel  sampling  line  is  connected 
to  the  reactor  wall  below  each  of  the  five  heaters  (Figure  4) 
to  allow  sampling  at  five  points.  The  sample  lines  pass  out 
through  the  insulation  and  connect  to  1/8  inch  Stainless  Steel 
Hoke  Solenoid  valves  which  are  activated  to  sample  the  re¬ 
acting  stream.  Small  sample  bombs,  made  from  6  inch  lengths 
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of  3/4  inch  Stainless  Steel  tubing  with  1/8  inch  Autoclave 
valves  at  each  end,  fasten  to  the  Solenoid  valves  to  receive 
the  gas  samples.  The  sample  bombs  are  stored  in  an  oven  at 
110°C  until  analysis  is  carried  out  in  order  to  keep  all 
components  in  the  gas  phase. 

The  locations  of  the  sample  points  are  given  in  Appendix  I. 
D.  Temperature  Control  Circuits 

The  preheater  and  reactor  temperatures  are  controlled  by 
the  power  input  to  the  heaters  in  each  section.  The  electronic 
control  circuits  for  the  preheater  and  reactor  heaters  are 
identical  and  are  described  in  detail  in  Figure  5,  6,  and  7. 

The  electromotive  force  of  the  control  thermocouple  is 
transmitted  to  a  Foxboro  Type  693R  EMF  to  Current  Converter 
which  converts  the  d-c  millivolt  input  signal  to  a  10  to  50 
milliampere  d-c  output  signal.  The  range  of  the  converter  is 
set  by  a  Range  Unit  which  controls  the  "zero"  input  signal  to 
give  a  10  milliampere  output  signal,  the  span  of  the  input 
signal,  and  the  thermocouple  conductor  materials.  The  con¬ 
verter  contains  a  built-in  temperature  compensator  to  correct 
the  input  signal  for  ambient  temperatures  between  20  and  120°F. 

The  10  to  50  milliampere  d-c  signal  from  the  converter 
goes  to  a  Foxboro  Model  62  Universal  Electronic  Controller. 

The  controller  compares  the  input  signal  to  the  manual  set 
point  and  produces  a  10  to  50  milliampere  d-c  output  signal 
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FIGURE  5:  WIRING  DIAGRAM  -  TEMPERATURE  CONTROL  CIRCUIT 
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at  600  ohms .  The  10  to  50  milliampere  output  signal  acts  on 
the  final  control  element  to  set  the  power  input  to  the  heaters. 
The  electronic  controller  operates  with  a  Proportional  Band  of 
20  per  cent  and  a  Reset  Time  of  3.0  minutes  for  good  tempera¬ 
ture  control . 

The  final  control  element  is  a  Vectrol  VS6002  Silicontrol 
Gate  Drive  which  operates  gate  terminals  in  two  Silicon  Con¬ 
trolled  Rectifiers  Type  C50D.  The  Silicontrol  Gate  Drive  re¬ 
quires  a  d-c  signal  of  0  to  3.3  milliamperes .  Thus,  the  10 
to  50  milliampere  signal  from  the  controller  is  adjusted  as 
shown  in  Figure  6  to  give  the  0  to  3.3  milliampere  signal  for 
the  Gate  Drive.  The  2500  ohm  linear  potentiometer  and  Zener 
Diode  1N465  are  used  to  correct  the  10  milliampere  controller 
output  signal  to  a  0  milliampere  input  signal  to  the  Gate  Drive. 
The  5000  ohm  linear  potentiometer  and  Zener  Diode  1N718  set 
the  maximum  signal  to  the  Gate  Drive.  In  order  to  protect 
the  heaters  against  burning  out,  the  maximum  signal  to  the 
Silicontrol  Gate  Drive  is  adjusted  at  approximately  2.8  milli- 
amperes.  The  115  volt  a-c  line  to  the  Silicontrol  Gate  Drive 
must  be  in  the  same  phase  as  the  single  phase  208  volt  a-c 
line  to  the  Silicon  Controlled  Rectifiers  for  proper  control. 

For  this  reason,  a  208  volt  to  115  volt  a-c  Hammond  Trans¬ 
former  supplies  the  Gate  Drive  line  voltage  from  the  208  volt 
a-c  line. 

Two  Silicon  Controlled  Rectifiers  are  required  for 
full  wave  rectification  of  the  208  volt,  40  ampere  a-c  power 
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FIGURE  6:  HEATER  CONTROLS  -  CONTROLLER  OUTPUT  CIRCUIT 
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supply  to  the  heaters.  A  Silicon  Controlled  Rectifier  is  a 
three  junction  semiconductor  device  for  use  in  power  control 
requiring  the  blockage  of  voltages  up  to  400  volts  and  load 
currents  up  to  50  amperes.  The  Controlled  Rectifier  repre¬ 
sents  essentially  an  open  circuit  with  negative  anode  to  ca¬ 
thode  voltage  if  no  signal  is  applied  to  the  gate  terminal. 
However,  by  applying  a  gate  signal  the  device  rapidly  switches 
to  a  conducting  state  and  allows  current  to  flow  proportional 
to  the  gate  signal. 

The  Silicon  Controlled  Rectifier  is  connected  to  the 
Silicontrol  Gate  Drive  as  outlined  in  Figure  7 .  The  two 
resistors  and  Silicon  Diodes  in  each  Rectifier  circuit  are 
for  protection  of  the  Gate  Drive  and  controller.  Silicon 
Controlled  Rectifiers  occasionally  fail  by  losing  their  abili¬ 
ty  to  block  fqrward  voltage  and  becoming  a  dead  short.  The 
primary  short  path  is  frequently  from  anode  to  gate  which 
means  that  the  anode  voltage  appears  between  the  gate  and  the 
cathode  for  an  instant  before  punching  through  to  the  cathode. 
This  voltage  could  destroy  the  control  system  if  it  was 
unprotected . 

A  0  to  50  ampere  a-c  ammeter  in  the  power  line  from 
the  Silicon  Controlled  Rectifiers  to  the  heaters  measures 
the  current  flowing  through  the  heaters. 
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E .  Product  Analysis 

All  product  samples  were  analysed  using  a  Burrell 
Model  KD  Gas  Chromatograph  equipped  with  a  Thermal  Conduct¬ 
ivity  detector.  A  Sargent  millivolt  recorder  Model  SR  re¬ 
corded  the  output  of  the  chromatograph.  Helium  at  an  inlet 
pressure  of  40  psig  was  used  as  the  carrier  gas  for  all  analy¬ 
ses.  The  helium,  before  entering  the  chromatographic  unit, 
passed  through  a  drier  cartridge  supplied  by  Burrell  Corpora¬ 
tion.  The  helium  flow  rate  was  regulated  for  both  the  carrier 
and  reference  sides  by  Nupro  Metering  Valves  and  checked  by 
timing  soap  bubbles  in  a  gas  burette.  All  product  samples 
were  injected  into  the  columns  through  the  gas  sampler  built 
into  the  Chromatograph.  The  sample  size  could  be  changed  by 
switching  sampler  tubes  of  l/$  inch  Stainless  Steel. 

Four  columns  were  required  to  effect  a  complete 
separation  of  the  components  in  the  samples.  All  columns 
were  made  from  1/4  inch  copper  tubing  with  3/16  inch  Swagelok 
fittings  on  each  end  and  wound  into  spirals  to  fit  into  the 
temperature  bath  cabinet.  The  columns,  their  operating  con¬ 
ditions,  and  the  components  separated  are  as  follows: 

Column  1:  A  25  foot  long  column  packed  with  30  weight  per 
cent  Ucon  LB1800-X  Lubricant  made  by  the  Union 
Carbide  Chemicals  Company  on  30  to  60  mesh  Celite. 
Components  Separated:  Hydrocarbon  groups  accord- 
to  the  number  of  carbon  atoms  up  to  and 
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including  hydrocarbons,  higher  molecular  weight 
hydrocarbons  and  all  oxygenated  products . 

Column  Temperature:  80°C  for  the  first  7  minutes 
followed  by  a  10°C/minute  temperature  rise  to 
150°C . 

Carrier  Flow  Rate:  45  mls/minute 
Reference  Flow  Rate:  30  mls/minute 
Detector  Current:  200  milliamperes 
Gas  Sampler:  8.0  inch  long;  0.49  c.c.  volume. 

Column  2 :  A  25  foot  long  column  packed  with  3  weight  per 

cent  Di-n-decyl  Phthalate  made  by  Eastman  Organic 
Chemicals  on  Medium  Activity  Silica  Gel,  30  to  60 
mesh,  supplied  by  Burrell  Corporation. 

Components  Separated:  to  C4  hydrocarbons  and 

olefins  and  carbon  dioxide. 

Column  Temperature:  100°C  for  the  first  8  minutes 
followed  by  a  15°C/minute  temperature  rise  to  150°C. 
Carrier  Flow  Rate:  24  mls/minute 
Reference  Flow  Rate:  30  mls/minute 
Detector  Current:  200  milliamperes 
Gas  Sampler:  5.5  inches  long;  0.28  c.c.  volume. 
Column  3:  A  16  foot  long  column  packed  with  Type  13X  Mole¬ 
cular  Sieves,  30  to  60  mesh,  supplied  by  Burrell 
Corporation . 

Components  Separated:  Ethane  and  ethylene 
Column  Temperature:  175°C 
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Carrier  Flow  Rate:  50  mls/minute 
Reference  Flow  Rate:  30  mls/minute 
Detector  Current:  200  milliamperes 
Gas  Sampler:  5.5  inches  long;  0.28  c.c.  volume. 
Column  4 :  A  16  foot  long  column  packed  with  High  Activity 

Charcoal,  40  to  60  mesh,  supplied  by  Burrell  Cor¬ 
poration  for  the  first  8  feet  followed  by  Molecular 
Sieves  Type  13X. 

Components  Separated:  Hydrogen,  oxygen,  nitrogen, 
carbon  monoxide,  methane. 

Column  Temperature:  80°F 

Carrier  Flow  Rate:  60  mls/minute 

Reference  Flow  Rate:  30  mls/minute 

Detector  Current:  250  milliamperes 

Gas  Sampler:  5.5  inches  long;  0.28  c.c.  volume. 

The  components  were  identified  by  their  retention 
times.  The  retention  time  of  a  component  is  the  time  taken 
from  sample  injection  until  the  maximum  point  of  the  peak 
appears  on  the  chromatogram.  Retention  times  for  the  various 
components  and  examples  of  chromatograms  for  each  chromato¬ 
graphic  column  are  reported  in  Appendix  II. 

F.  Operating  Procedure 

The  general  operating  procedure  required  to  make  any 


run  was  as  follows: 
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1.  The  main  air  supply  was  turned  on  and  all  water 
traps  and  filters  were  blown  out.  The  process  air  pressure 
was  set  at  a  value  of  20  psig  above  the  reactor  pressure. 

The  instrument  air  pressure  was  set  at  20  psig.  The  bypass 
valve  between  the  process  air  line  and  the  n-butane  feed  line 
was  opened  and  air  was  passed  through  the  preheater  coils  and 
reactor.  The  steam  ejector  system  was  turned  on. 

2.  The  electrical  heaters  in  the  preheater  and 
reactor  were  turned  on. 

3.  The  n-butane  feed  tanks  were  filled  from  storage 
and  pressurized  with  nitrogen  to  a  pressure  20  psig  above 
the  reactor  pressure. 

4.  Ice  was  placed  in  the  recorder  thermocouple  cold 
junction  bath.  The  temperature  recorder  was  calibrated  using 
a  d-c  millivolt  input  from  a  Leeds  and  Northrup  8686  Potentio¬ 
meter  to  the  recorder  channel  15. 

5.  Sample  bombs  were  evacuated  and  connected  to  the 
sample  lines. 

6.  When  the  reactor  and  preheater  had  approached 
reaction  temperature,  the  bypass  valve  to  the  n-butane  feed 
line  was  closed.  n-BUtane  and  air  feeds  were  started  and 
the  desired  flow  rates  set  on  the  pneumatic  controllers.  The 
reactor  pressure  was  set  on  the  pressure  controller.  The 
preheater  and  reactor  temperature  controllers  were  set  at  the 
reaction  temperature  desired.  The  temperature  recorder  was 
turned  on.  The  recorder  charts  in  the  n-butane  and  air  flow 
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controllers  were  turned  on. 

7.  When  steady  state  conditions  were  attained  as 
indicated  by  the  temperature  profiles  the  inlet  valves  to 

the  sample  bombs  were  opened  and  the  solenoid  valves  actuated. 
The  sample  bombs  were  flushed  out  twice  with  gas  samples  and 
the  third  sample  was  retained  for  analysis. 

8.  The  electrical  heaters,  the  n-butane  feed,  the 
temperature  recorder,  and  the  flow  recorders  were  all  turned 
off.  The  bypass  valve  to  the  n-butane  feed  line  was  opened 
to  allow  air  to  pass  through  the  system  while  cooling.  The 
sample  bombs  were  removed  and  stored  in  an  oven  at  110°C.  The 
steam  ejector  system  was  turned  off. 

9.  When  the  preheater  and  reactor  returned  to  room 
temperature,  the  main  air  supply  was  turned  off. 

10.  Analysis  was  carried  out  on  the  samples  by  in¬ 
stalling  the  proper  column,  setting  the  helium  flow  rates  on 
the  carrier  and  reference  sides,  and  setting  the  column  tempera 
ture .  When  the  chromatograph  reached  equilibrium  conditions, 

a  sample  was  injected  into  the  column  through  the  gas  sampler. 
The  chromatogram  was  traced  on  to  the  Sargent  recorder  chart. 
The  temperature  programmer  was  turned  on  at  the  given  time 
for  the  columns  that  required  temperature  programming.  After 
each  sample  analysis  was  completed,  the  column  temperature  was 
returned  to  its  initial  temperature,  if  the  temperature  pro¬ 
grammer  had  been  used,  before  the  next  sample  was  injected. 
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G.  Calibration  of  Equipment 

Calibration  of  the  Integral  Orifice  D/P  Cells  for  the 
n-butane  and  air  feed  streams,  the  Pressure  Transmitter,  and 
the  thermocouples  was  carried  out  prior  to  the  start  of  the 
experimental  program.  Calibration  procedures  and  curves  are 
presented  in  Appendix  III. 
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EXPERIMENTAL  PROGRAM 

A.  Reaction  Variables 

Preliminary  experimentation  indicated  that  significant 
reaction  took  place  between  the  n-butane  and  oxygen  at  an 
inlet  temperature  of  700°F,  a  pressure  of  40  psig  and  inlet 
oxygen  concentrations  of  6  to  10  mole  per  cent.  These  experi¬ 
ments  gave  an  optimum  residence  time  of  1.2  to  1.4  seconds 
based  on  the  inlet  conditions.  Such  a  residence  time  per¬ 
mitted  sampling  at  the  beginning  of  the  reaction,  during  the 
period  of  high  reaction  rate,  and  in  the  period  when  little 
reaction  took  place.  Gas  phase  temperature  profiles  clearly 
indicated  each  region  of  the  reaction. 

Based  on  the  preliminary  investigation,  it  was  decided 
to  carry  out  experiments  at  different  inlet  temperatures  and 
oxygen  concentrations  with  a  constant  pressure  of  53.5  psia 
(40  psig)  and  an  overall  residence  time  between  1.2  and  1.3 
seconds.  The  three  inlet  temperatures  investigated  were  685, 
705,  and  725°F  although  individual  run  inlet  temperatures  varied 
slightly.  Inlet  oxygen  concentrations  of  6.45,  7.25,  and  8.10 
mole  per  cent  were  studied  at  each  temperature.  Once  again, 
the  inlet  oxygen  concentration  for  any  individual  run  varied 
a  slight  amount  from  the  desired  value.  In  all  of  the  experi¬ 
mental  runs  the  oxygen  was  obtained  from  air  which  resulted 
in  a  definite  percentage  of  nitrogen  in  all  reaction  gases. 
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Three  runs  were  made  with  n-butane  only  to  determine 
the  effect  of  the  cracking  reactions  at  the  temperatures  used 
in  the  oxidation  experiments.  The  experiments  were  made  at 
temperatures  of  700,  792,  and  909°F  with  a  reactor  pressure  of 
53.5  psia  and  an  average  residence  time  of  1.31  seconds  cal¬ 
culated  at  the  fourth  sample  point  rather  than  the  reactor 
exit.  This  procedure  was  used  as  it  was  impossible  to  obtain 
a  high  enough  flow  rate  of  n-butane,  without  changing  orifice 
plates  in  the  D/P  Cell  and  recalibrating  it,  to  give  the  re¬ 
quired  residence  time  at  the  reactor  exit.  Details  of  each 
experimental  run  are  given  in  Table  1. 

B.  Raw  Materials 

The  butane  used  in  the  preliminary  runs  was  supplied 
by  Canadian  Natural  Gas  Liquids  Limited  and  contained  a  ratio 
of  n-butane  to  i-butane  of  approximately  2  to  1  and  traces  of 
propane  and  pentanes.  This  butane  was  satisfactory  for  the 
preliminary  runs  as  they  served  only  to  define  the  field  of 
study  and  to  provide  operating  experience. 

All  runs  in  the  experimental  program  were  made  with 

C. P.  Grade  n-butane  supplied  by  Matheson  of  Canada  Limited. 
Chromatographic  analysis  of  samples  of  the  n-butane  gave  a 
composition  of  99.6  mole  per  cent  n-butane  and  0.4  mole  per 
cent  i-butane  which  was  well  within  the  specified  composition. 
The  absence  of  any  other  hydrocarbons  or  olefins  was  con¬ 
firmed  by  the  analysis.  No  attempt  was  made  to  correct  the 
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Residence  times  corrected  for  reaction  conditions  are  described  in  Appendix  IX 
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product  analysis  for  the  presence  of  i-butane.  It  was  re¬ 
ported  as  a  component  in  the  product  sample. 

All  air  for  the  experimental  runs  was  obtained  from 
a  compressed  air  line  and,  after  the  removal  of  traces  of 
moisture  and  oil,  was  fed  directly  to  the  reactor.  Chromato¬ 
graphic  analysis  of  several  samples  of  the  air  taken  at  inter¬ 
vals  during  the  experimental  program  showed  the  presence  of  no 
trace  components. 

C.  Chromatograph  Analysis 

All  components  were  identified  by  their  retention 
times  in  the  chromatograph  column.  The  retention  time  for 
each  expected  compound  was  determined  by  running  a  pure  sample 
of  the  compound  through  the  column  under  the  same  conditions 
used  for  the  product  analysis.  Retention  times  of  the  gaseous 
components  were  checked  by  analysing  known  mixtures  of  the 
gases  which  had  compositions  similar  to  the  gaseous  components 
in  the  reacting  system.  This  procedure  was  necessary  to 
check  the  effect  of  individual  compounds  on  each  other  and  to 
verify  that  no  components  had  switched  order. 

In  order  to  confirm  the  identity  of  many  oxygenated 
products  a  special  liquid  sample  was  collected  at  the  reactor 
exit  during  one  of  the  runs.  The  liquid  sample  was  collected 
by  allowing  a  portion  of  the  product  gas  stream  to  pass 
through  a  receiver  in  an  ice-water  bath.  The  receiver  re¬ 
tained  the  components  that  condensed  and  allowed  the  gas  to 
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escape  to  the  atmosphere.  A  small  portion  of  the  liquid 
sample  was  then  analysed  on  the  Ucon  column  and  the  retention 
time  and  peak  area  were  recorded  for  each  component.  Verifi¬ 
cation  of  the  identity  of  the  components  was  carried  out  by 
adding  a  very  small  amount  of  a  known  compound  to  a  part  of 
the  liquid,  running  the  sample  through  the  chromatograph, 
and  determining  which  component  peak  area  increased  relative 
to  all  others. 

The  retention  time  for  each  component  is  given  in 
Appendix  II  for  all  columns.  The  same  retention  time  is 
given  for  more  than  one  component  on  a  specific  column  if 
these  components  were  not  separated  and  appeared  as  one  peak. 

The  peak  area  for  each  component  was  measured  by  one 
of  two  methods.  If  the  component  peak  was  sharp  the  peak  area 
was  determined  by  assuming  that  the  area  was  triangular  and 
multiplying  the  peak  height  by  the  width  at  half  the  height. 

All  other  peak  areas  were  measured  with  an  Ott  Compensating 
Planimeter  supplied  by  Burrell  Corporation  for  use  with  gas 
chromatographs . 

The  peak  area  for  each  component  was  converted  to  a 
mole  fraction  by  using  a  relative  response  factor  as  described 
by  Rosie  and  Grob(34)  and  Messner  and  co-workers (25) .  They 
investigated  the  relative  molar  responses  of  a  number  of  hydro¬ 
carbons  and  oxygenated  compounds  over  a  wide  range  of  column 
temperatures,  concentrations,  and  carrier  gas  flow  rates.  A 
correlation  was  found  to  exist  between  the  relative 
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thermal  detector  response  and  molecular  weight  within  a 
structurally  similar  homologous  series.  The  correlation  was 
independent  of  the  column  conditions  as  long  as  helium  was 
the  carrier  gas,  the  detectors  were  thermal  detectors,  and  the 
temperature  was  constant.  All  responses  were  related  to 
benzene  at  100. 

As  Messner  and  co-workers (25)  did  not  give  relative 
response  factors  for  aldehydes,  several  known  mixtures  of 
acetaldehyde,  propionaldehyde ,  and  butyraldehyde  in  benzene 
were  analysed.  The  relative  response  factor  for  formaldehyde 
was  calculated  by  extrapolating  the  response  factors  obtained 
for  the  other  aldehydes. 

The  relative  response  factors  were  applicable  as  long 
as  a  constant  temperature  was  maintained  in  the  chromato¬ 
graph  column.  Because  temperature  programming  was  used  to 
give  better  component  separations,  correction  factors  were 
calculated  to  correct  for  the  temperature  variations.  The 
correction  factors  were  determined  by  running  pure  samples 
of  the  components  through  the  chromatograph  columns  at  the 
base  temperature  and  with  the  temperature  programmer  in  opera¬ 
tion  and  comparing  peak  areas.  Peak  areas  were  found  to 
increase  when  the  temperature  programmer  was  used. 

The  relative  response  factors  and  correction  factors 
are  given  in  Appendix  II. 
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DISCUSSION  OF  RESULTS 

A.  Equipment 

The  equipment  can  be  described  best  in  two  sections 
consisting  of  the  control  accuracy  and  flow  conditions  in  the 
reactor. 

The  control  of  n-butane  and  air  flow  rates ,  reactor 
pressure,  and  reaction  temperature  was  very  good  because  of 
the  pneumatic  and  electronic  controllers.  The  inlet  n-butane 
and  air  flow  rates  produced  a  maximum  deviation  of  io.5  per 
cent  of  the  full  recorder  chart  range  from  the  desired  set 
point.  The  ^0.5  per  cent  deviation  on  the  recorder  chart  gave 
a  maximum  error  in  the  weight  rate  of  flow  of  the  n-butane  and 
air  of  -1  per  cent  of  the  desired  flow. 

The  reactor  pressure  was  recorded  on  the  same  chart  as 
the  n-butane  flow  rate  and  varied  from  the  set  point  by  only 
to. 2  per  cent  of  the  full  chart  scale.  The  major  portion  of 
the  error  in  the  pressure  was  due  to  errors  in  reading  the 
chart  accurately.  Calibration  of  the  pressure  transmitter  in¬ 
dicated  that  the  chart  recorded  the  gauge  pressure  accurately. 
However,  the  accuracy  with  which  the  chart  could  be  read  was 
almost  -0.2  per  cent  of  the  scale.  The  error  introduced  in 
the  pressure  reading  was  —0.4  psi,  which  at  a  reactor  pressure 
of  40  psig,was  ll  per  cent  of  the  set  pressure.  During  each 
experimental  run  the  atmospheric  pressure  was  determined  and 
the  transmitter  pressure  was  then  corrected  to  give,  an  absolute 
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pressure  of  53.5  psia.  The  pressure  in  run  19  was  at  57.5  psia 
due  to  a  high  pressure  drop  across  the  ceramic  filter  in  the 
exit  line.  The  high  pressure  drop  was  caused  because  the  fil¬ 
ter  was  partially  plugged  with  carbon  particles.  The  filter 
was  cleaned  and  reinstalled  prior  to  experimental  run  20. 

The  temperature  controller  for  the  preheater  maintained 
the  millivolt  recording  of  the  thermocouple  in  the  preheater 
within  -0.04  millivolts  of  the  desired  reading.  This  corres¬ 
ponded  to  a  variation  from  the  set  temperature  of  -2°F  accord¬ 
ing  to  the  temperature  recorder.  All  the  thermocouples  were 
calibrated,  as  described  in  Appendix  III,  and  found  to  be 

-F  -L  O 

within  x3  F  of  the  correct  temperature.  The  maximum  error  due 

to  temperature  fluctuations  and  thermocouple  inaccuracy,  in 

+  o 

the  preheater  control  temperature  was  -5  F.  All  thermocouples 
in  the  gas  phase  indicated  a  temperature  below  the  actual 
temperature  because  of  the  heat  transferred  from  the  thermo¬ 
couples  by  conduction  and  radiation  to  the  reactor  wall.  This 
error  will  be  discussed  later  in  the  section  on  reactor  tempera¬ 
ture  profiles. 

The  temperature  controller  for  the  reactor  was  used 
only  for  heating  the  reactor  to  reaction  temperature  in  most 
cases  due  to  poor  positioning  of  the  control  thermocouple. 

For  most  of  the  experimental  runs,  the  control  thermocouple 
was  in  the  reaction  zone  and  measured  a  temperature  higher 
than  the  control  temperature.  For  the  experiments  with  n- 
butane  only,  runs  23,  24,  and  25,  the  controller  maintained 
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the  temperature  at  the  control  point  within  the  same  accuracy 
as  the  preheater  temperature  controller. 

The  flow  conditions  in  the  reactor  are  described  by 
the  Reynolds  number  which  indicates  whether  or  not  turbulent 
flow  exists  and  by  the  Peclet  number  which  is  a  measure  of 
axial  dispersion  or  back  mixing  in  the  reactor. 

The  flow  into  the  reactor  was  turbulent  as  indicated 
by  the  Reynolds  number  calculated  for  each  run  at  the  entrance 
conditions  and  reported  in  Table  1.  According  to  McCabe  and 
Smith  (23) ,  flow  is  turbulent  at  Reynolds  numbers  above  4000 
under  ordinary  flow  conditions.  The  average  Reynolds  number, 
at  the  entrance,  was  6500  which  is  well  into  the  turbulent 
range . 

The  Reynolds  number,  being  a  function  of  the  tube 
diameter,  the  mass  flow  rate  per  unit  area,  and  the  viscosity 
of  the  gas  stream,  depends  only  on  the  viscosity  for  any  run 
at  any  position  in  the  reactor.  The  viscosity  of  gases  in¬ 
creases  with  temperature,  in  general,  but  in  the  reacting 
system  components  of  lower  molecular  weight  are  formed  with 
lower  viscosity.  As  a  result,  it  was  impossible  to  calculate 
the  effect  of  temperature  and  reaction  on  the  viscosity  and 
the  Reynolds  number.  Because  the  temperature  and  reaction 
have  opposing  effects  on  the  viscosity  of  the  gas,  it  was  as¬ 
sumed  that  the  viscosity  did  not  change  sufficiently  through¬ 
out  the  reactor  to  alter  the  Reynolds  number  and  flow  pattern. 

The  Peclet  number  for  mass  transfer  is  a  measure  of 
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axial  dispersion  in  the  reactor.  Since  the  transport  of  heat 
and  mass  are  by  the  same  mechanism,  it  is  reasonable  to  sup¬ 
pose  that,  for  turbulent  diffusion  and  heat  transfer,  the 
Peclet  numbers  for  heat  and  mass  transfer  are  identical.  Con¬ 
sequently,  the  Peclet  number  for  heat  transfer  was  determined 
from  the  fluid  and  flow  properties  of  the  system  and  equated 
to  the  Peclet  number  for  mass  transfer.  The  Peclet  number 
for  heat  transfer  is  the  Reynolds  number  multiplied  by  the 
Prandtl  number  and  has  an  average  value  of  10,000  at  the 
reactor  entrance.  According  to  Kramers  and  Westerterp (19) , 
an  ideal  tubular  reactor,  with  plug  flow,  has  a  value  of  the 
inverse  of  the  Peclet  number  equal  to  zero  and  a  reactor  with 
a  small  amount  of  dispersion  has  a  value  of  the  inverse  of 
the  Peclet  number  equal  to  0.002.  For  the  reactor  used  in 
the  experimental  runs,  the  Peclet  number  at  the  entrance  was 
10,000  and  the  inverse  was  0.0001.  This  value,  when  it  was 
compared  to  the  values  given  by  Kramers  and  Westerterp,  veri¬ 
fied  the  assumption  of  plug  flow  in  the  reactor. 

B.  Product  Analysis 

The  analysis  of  the  product  samples  and  the  use  of  the 
relative  response  factors  to  calculate  the  mole  per  cent  of 
each  component  was  quite  accurate  as  indicated  by  the  analy¬ 
sis  of  test  samples  and  the  carbon,  hydrogen,  and  oxygen 
balances  for  each  sample.  Carbon,  hydrogen,  and  oxygen  ba¬ 
lances  are  given  in  Appendix  VII. 
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In  order  to  check  the  accuracy  of  the  use  of  the  rela¬ 
tive  response  factors  as  described  by  Messner  and  co-workers (25) , 
a  test  sample  of  known  composition  was  prepared  and  analysed 
on  the  gas  chromatograph.  The  composition  was  then  calculated 
and  compared  to  the  true  composition.  Results  of  the  test 
sample  analysis  are  given  in  Table  2.  Table  3  presents  the 
results  of  analysis  made  on  a  test  sample  by  Rosie  and  Grob(34). 
Use  of  the  relative  response  factors  gave  a  calculated  mole 
per  cent  within  -2.5  per  cent  of  the  true  value  as  compared 
to  an  error  or  -8  per  cent  if  the  area  per  cent  is  assumed  to 
be  equal  to  the  weight  per  cent  of  each  component. 

The  accuracy  of  the  analysis  of  the  product  samples 
is  determined,  as  well,  by  the  carbon,  hydrogen.,  and  oxygen 
balances*  The  carbon  balancfes  for  all  the  experimental  samples 
were  between  97  and  103  per  cent  with  the  majority  of  them 
between  98  and  100  per  cent.  The  hydrogen  balances  were  be¬ 
tween  92  and  100  per  cent  for  all  samples  with  the  average 
between  95  and  98  per  cent.  The  oxygen  balance  was  the  poor¬ 
est,  varying  from  80  to  100  per  cent.  The  carbon  and  hydrogen 
balances  were  good  and  served  as  a  check  on  the  use  of  the 
relative  response  factors  for  the  components. 

There  were  two  reasons  for  the  low  oxygen  balance. 

The  chromatographic  analysis  for  both  carbon  dioxide  and 
water  were  doubtful  in  many  cases  due  to  poor  separation  on 
the  column. 

*  Carbon  and  hydrogen  balances  based  on  tne  n— butane  reacted 
given  in  Appendix  VIII. 
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Table  2 

Test  Samples  with  Compositions  Calculated 
Using  Relative  Responses 


True  True  Observed  Calculated 


Compound 

Wt.  % 

Mole  % 

Area  % 

Mole  % 

Propionaldehyde 

27.1 

28.1 

25.8 

27.8 

Methanol 

1.8 

3.4 

2.1 

3.2 

Ethanol 

17.6 

23.1 

18.5 

22.7 

Methyl  Ethyl  Ketone 

17.7 

14.9 

18.2 

15.1 

n-Propanol 

17.9 

18.0 

18.5 

18.2 

Diethyl  Ketone 

17.9 

12.5 

16.9 

13.0 

Table  3 

Relative  Response  Analysis  of  Sample 

Calculated 
Mole  % 

by  Rosie 

Compound 

and  Grob(34) 

True  True 

Wt.  %  Mole  % 

Observed 
Area  % 

n-Pentane 

5.56 

7.52 

6.48 

7.75 

2,3-Dimethyl  Butane 

7.72 

8.75 

8.12 

8.80 

2,2-Dimethyl  Pentane 

8.17 

7.96 

8.45 

7.98 

2 -Methyl  Hexane 

6.15 

5.99 

6.36 

5.87 

n-Heptane 

7.40 

7.21 

8.00 

7.03 

Benzene 

14.80 

18.50 

15.23 

19.14 

1,4-Dimethyl  Cyclohexane 

11.11 

9.66 

11.21 

9.65 

Ethyl  benzene 

11.46 

10.53 

10.48 

10.21 

o-Xylene 

13.42 

12.35 

13.19 

12.76 

n-Propylbenzene 

14.21 

11.53 

12.48 

10.81 
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The  carbon  dioxide  was  not  separated  on  any  column  as 
none  could  be  found  to  give  a  distinct  separation  of  ethylene 
and  carbon  dioxide.  Consequently,  it  was  determined  by  a 
difference  of  areas  in  two  different  columns.  The  Silica  Gel 
column,  previously  referred  to  as  the  column  with  3  per  cent 
di-n-decylphthalate  on  Silica  Gel  in  the  section  on  equip¬ 
ment  detail,  did  not  separate  ethylene  and  carbon  dioxide. 

The  carbon  dioxide  caused  tailing  of  the  peak  which  made  ac¬ 
curate  area  determination  difficult.  The  ethylene  composition 
was  determined,  relative  to  ethane,  from  the  Molecular  Sieve 
column  and  carbon  dioxide  was  calculated  by  the  difference 
between  the  area  of  the  ethylene  peak  and  the  area  of  the 
ethylene  and  carbon  dioxide  peak.  For  these  reasons,  the 
carbon  dioxide  analysis  was  poor. 

The  water  analysis  was  inaccurate  mainly  because  of 
poor  separation  on  the  Ucon  column.  The  water  peak  was  not 
symmetrical,  as  can  be  seen  in  Figure  II-l,  and  tailed  badly. 
At  higher  water  concentrations  the  water  peak  frequently 
overlapped  the  methanol  peak  and  samples  had  to  be  re-run 
for  more  accurate  analysis. 

The  questionable  water  and  carbon  dioxide  analyses 
caused  the  low  oxygen  balance  as  much  of  the  oxygen,  after 
reacting,  is  contained  in  either  the  water  or  the  carbon 
dioxide.  Another  cause  of  the  low  oxygen  balance  was  due  to 
the  fact  that  the  per  cent  oxygen  in  the  feed  stream  was  al¬ 
ways  low,  between  6  and  8  per  cent  and,  any  error  in  analysis 
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had  a  much  larger  effect  on  the  oxygen  balance  than  on  either 
the  carbon  or  hydrogen  balances. 

C.  Temperature  Profiles  in  the  Reactor 

Temperature  profiles  were  measured  in  the  reacting  gas 
stream  by  ten  thermocouples.  All  temperatures  are  given  in 
Table  IV-1  for  all  of  the  experimental  runs.  The  temperature 
profiles  for  several  runs  are  described  in  Figure  8  which 
shows  the  effect  of  inlet  temperature  and  Figure  16  which 
depicts  the  effect  of  oxygen  concentration.  These  figures 
will  be  discussed  further  in  the  sections  referring  to  the 
effect  of  reaction  variables  on  the  overall  reaction. 

Errors  in  reading  the  temperature  recording  and  in¬ 
accuracies  in  the  thermocouple  millivolt  readings  were  only 
+5°F  as  previously  outlined  for  the  control  thermocouples. 
However,  there  was  a  further  error  in  the  gas  phase  thermo¬ 
couples  which  was  caused  by  radiant  and  conductive  heat  trans¬ 
fer  from  the  thermocouple  sheath  to  the  reactor  wall.  The 
magnitude  of  this  error  is  calculated  in  Appendix  V  and  is  in 
the  order  of  12°F  when  there  is  a  difference  of  80°F  between 
the  reactor  wall  temperature  and  the  temperature  of  the  ther¬ 
mocouple  tip  at  a  wall  temperature  of  820°F.  The  thermocouple 
reads  a  temperature  below  the  true  gas  temperature  by  12°F 
which  gives  an  actual  gas  temperature  of  912°F.  The  condi¬ 
tions  chosen  in  the  calculation  of  the  thermocouple  correction 
were  average  with  respect  to  temperature  and  flow  rates.  The 
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difference  between  the  wall  temperature  and  the  temperature  of 
the  thermocouple  tip  of  80°F  was  a  maximum  value,  except  for 
the  difference  at  the  reactor  exit,  and  in  most  cases  was 
approximately  60°F.  At  the  reactor  exit,  the  wall  temperature 
was  approximately  230°F  below  the  gas  phase  thermocouple 
reading  due  to  the  location  of  the  thermocouples.  The  thermo¬ 
couples  were  positioned  at  a  point  just  above  the  reactor  exit 
flange  and,  at  that  point,  the  reactor  wall  was  uninsulated. 
This  caused  a  rapid  decrease  in  wall  temperature  due  to  heat 
losses  to  the  surroundings. 

No  attempt  was  made  to  correct  any  of  the  gas  phase 
temperature  because  of  the  difficulty  involved  in  determining 
heat  transfer  coefficients  between  the  reacting  gas  stream 
and  the  thermocouple  sheath.  Flow  conditions  were  known  at 
the  reactor  entrance  but  were  not  known  accurately  throughout 
the  reactor  as  it  was  impossible  to  determine  the  effect  of 
the  reaction  and  the  increase  in  temperature  on  the  properties 
of  the  gas  stream.  Thus,  the  heat  transfer  coefficient  was 
determined  from  an  empirical  equation  for  the  entrance  condi¬ 
tions  only  and  assumed  to  be  unchanged.  Since  individual 
thermocouple  corrections  could  be  calculated  using  only  the 
entrance  heat  transfer  coefficient  and  would,  therefore, 
become  an  average  correction,  it  was  decided  to  report  the 
magnitude  of  the .. error  only. 

The  three  experimental  runs  with  n-butane  only, 
runs  23,  24,  and  25,  did  not  have  the  same  errors  in  thermo- 
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couple  readings  because  the  difference  between  the  wall  and 
indicated  temperature  was  14°F  at  a  maximum  and  at  an  average 
of  8°F.  The  wall  temperature  was  always  higher  than  the  gas 
temperature  as  heat  was  being  transferred  from  the  wall  to  the 
gas  stream.  Errors  due  to  radiation  and  conduction  to  the 
thermocouples  caused  only  1  or  2°F  errors  in  the  readings. 

For  any  experimental  run  for  the  reaction  between 
n-butane  and  oxygen,  the  indicated  gas  temperature  decreased 
gradually  during  the  induction  period  and  then  increased  rapid¬ 
ly  with  the  start  of  the  period  of  rapid  reaction.  After  the 
period  of  rapid  reaction,  the  temperature  again  decreased. 

The  gradual  decrease  in  temperature  in  the  induction 
period  was  due  to  the  transfer  of  heat  from  the  gas  phase  to 
the  reactor  wall.  The  control  thermocouple  for  the  reactor 
temperature  control  circuit  was  positioned  so  that  it  was  in 
the  reaction  zone  for  the  majority  of  the  experimental  runs 
and  was  at  a  temperature  too  high  for  control.  As  a  result, 
the  reactor  wall  at  the  entrance  was  cooler  than  the  gas 
stream  and  heat  was  transferred  from  the  gas  to  the  reactor 
wall . 

During  the  period  of  rapid  reaction,  the  gas  tempera¬ 
ture  increased  rapidly  to  a  peak  temperature  approximately 
400°F  above  the  inlet  temperature  within  about  0.2  seconds. 
During  this  period  most  of  the  reaction  took  place  and  the 
high  exothermic  heat  of  reaction  caused  the  rapid  increase  in 
temperature.  Any  thermocouples  located  in  this  section  of 
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the  reactor,  between  the  initial  temperature  and  the  peak  tem¬ 
perature  gave  readings  that  fluctuated  as  much  as  20°F  due  to 
slight  fluctuations  in  air  or  n-butane  flow  rates  at  the 
entrance . 

After  the  rapid  reaction  period,  most  of  the  oxygen 
was  consumed  arid  very  little  reaction  took  place.  In  this 
phase  of  the  reaction  system,  heat  was  transferred  from  the  gas 
stream  to  the  reactor  wall  which  caused  the  decrease  in  gas 
phase  temperatures. 

The  reactor  wall  temperature  was,  in  most  cases,  be¬ 
tween  60  and  80°F  lower  than  the  indicated  gas  temperature  in 
the  reaction  zone  because  of  the  high  rate  of  heat  transfer 
from  the  gas  stream  to  the  wall.  With  the  electrical  heaters 
and  insulation  around  the  reactor  wall  this  heat  could  not  be 
transferred  to  the  surroundings  at  a  rate  sufficient  to  keep 
the  wall  temperature  more  uniform.  The  electrical  heaters  were 
not  on  but  acted  as  insulation. 

Even  when  the  reactor  electrical  heaters  were  on 
during  the  run,  as  was  the  case  for  the  three  runs  with  n- 
butane  only,  the  reactor  wall  temperature  and,  as  a  result, 
the  gas  temperatures  were  not  constant.  The  temperature  pro¬ 
files  given  in  Table  IV- 1  for  runs  23,  24,  and  25  show  that 
the  temperature  dropped  gradually  at  the  reactor  entrance  and 
returned  to  the  control  temperature  at  thermocouple  number  6 
which  was  at  the  same  location  as  the  reactor  control  thermo¬ 
couple.  Beyond  this  point,  the  temperature  increased  gradually 
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to  a  value  about  40°F  above  the  control  temperature  at  the  re¬ 
actor  exit.  Thus,  the  electrical  heaters  did  not  provide  a 
constant  wall  temperature  even  for  the  experimental  runs  in 
which  no  reaction  took  place. 

D .  Products  Formed  in  the  Reaction 

At  temperatures  of  685,  705,  and  725°F,  reaction  oc¬ 
curred  between  the  oxygen  and  the  n-butane  to  give  a  large 
number  of  products.  The  methods  used  in  calculating  the 
experimental  results  are  outlined  in  Appendix  VI  and  all  the 
results  are  given  in  Appendix  VII. 

The  results  indicated  that  the  predominant  reactions 
were  the  reactions  leading  to  olefins  and  lower  molecular 
weight  hydrocarbons.  For  the  experimental  runs,  approximately 
60  per  cent  of  the  reacted  n-butane  formed  olefins,  10  per 
cent  formed  methane  and  ethane,  10  per  cent  formed  carbon 
oxides,  and  the  remaining  20  per  cent  formed  oxygenated  pro¬ 
ducts.  A  more  detailed  description  of  the  components  formed 
is  given  in  the  sections  on  the  effect  of  reaction  variables 
on  the  reaction. 

The  three  runs  that  were  carried  out  to  determine  the 
extent  of  the  cracking  reactions  confirmed  that  the  cracking 
reactions  were  not  important  at  the  temperatures  used  for  the 
reactor  inlet.  No  reaction  occurred  for  the  runs  at  700  and 
792°F  as  no  products  were  identified  in  the  chromatographic 
analysis  except  the  small  percentage  of  i-butane  present 
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in  the  feed  stream  and  the  n-butane.  At  909°F  very  little 
reaction  occurred  and  ethylene  and  propylene  were  identified 
in  the  product  sample  only  in  trace  quantities.  At  the  tem¬ 
peratures  obtained  during  the  period  of  rapid  reaction  crack¬ 
ing  reactions  may  have  been  significant  but  the  extent  of 
these  reactions  could  not  be  determined  because  the  temperature 
control  circuits  were  designed  to  give  a  maximum  temperature 
of  approximately  900°F. 

The  reproducibility  of  the  experimental  conditions 
was  checked  by  making  two  identical  runs.  Run  number  20  and 
26  are  similar  except  for  a  3°F  difference  in  reactor  entrance 
temperature.  The  temperature  profiles,  the  product  distribu¬ 
tion,  and  the  overall  conversion  of  both  n-butane  and  oxygen 
were  in  good  agreement.  Analysis  of  three  samples  only  for 
run  20  was  caused  by  leaks  in  two  sample  bombs  and  the  sub¬ 
sequent  loss  of  the  product  samples. 

E .  Effect  of  Temperature  on  the  Reaction 

The  inlet  temperature  had  a  very  significant  effect 
on  the  induction  period  as  shown  in  Figure  8.  The  experimen¬ 
tal  runs  used  in  the  plots  are  runs  16,  17,  and  18  at  res¬ 
pective  inlet  temperatures  of  702,  681,  and  723°F.  For  an 
inlet  temperature  of  681°F,  the  induction  period  was  approxi¬ 
mately  0.5  seconds  but  it  decreased  to  0.3  seconds  for  an 
inlet  temperature  of  702°F  and  to  0.2  seconds  for  an  inlet 
temperature  of  723°F.  This  effect  of  temperature  on  the 
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FIGURE  8:  REACTION  TEMPERATURE  PROFILES  -  EFFECT  OF  INLET  TEMPERATURE 
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induction  period  was  noted  for  all  the  experimental  runs. 

The  length  of  time  during  which  the  rapid  reaction 
took  place  was  dependent  on  the  inlet  temperature  to  a  certain 
extent  but,  not  nearly  as  much  as  the  induction  period.  At 
inlet  temperatures  around  685°F,  the  period  of  rapid  reaction 
lasted  approximately  0.2  seconds  but  at  temperatures  of  705 
and  725°F  it  was  approximately  0.15  seconds  in  duration.  All 
residence  times  in  the  reactor  were  given  based  on  the  inlet 
conditions  even  though  the  actual  residence  time  was  less 
because  of  increased  velocity  in  the  reactor  as  the  reaction 
proceeded. 

The  oxygen  in  the  reaction  system  was  consumed  rapidly 
following  the  induction  period  up  to  a  value  of  95  per  cent 
conversion.  Figure  9  indicates  that  part  of  the  oxygen  was 
used  up  in  the  induction  period  but  that  the  majority  of  it 
reacted  during  the  period  of  rapid  reaction.  The  95  per  cent 
limit  in  oxygen  conversion  was  common  to  all  experiments  and 
was  caused  by  the  low  concentration  of  the  oxygen  in  the 
reacting  stream. 

Very  little  conversion  of  the  n-t>utane  occurred  during 
the  induction  period,  as  outlined  in  Figure  9,  but  it  increased 
rapidly  once  the  reaction  started  up  to  a  maximum  value  of 
20  to  30  per  cent  conversion  at  the  reactor  exit.  For  most 
of  the  experimental  runs,  the  overall  conversion  of  the  n- 
butane  increased  with  an  increase  in  inlet  temperature. 
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Figures  10  to  15  inclusive  show  the  effect  of  tempera 
ture  and  residence  time  on  the  main  products  formed*  All 
products  are  plotted  as  the  moles  formed  per  mole  of  n-butane 
reacted  and  will  be  referred  to  as  moles/mole  reacted  in  the 
remainder  of  the  discussion  of  results. 

Carbon  monoxide  formed  during  the  period  of  rapid  re¬ 
action  and  then  remained  approximately  constant  at  a  value 
between  0.15  and  0.20  moles/mole  reacted  throughout  the  re¬ 
actor.  The  carbon  monoxide  formation  increased  with  increas¬ 
ing  temperature  for  a  given  inlet  oxygen  concentration  for 
most  of  the  experimental  runs.  The  run  at  681°F,  shown  in 
Figure  10,  is  high,  probably  due  to  inaccuracies  in  the  analy 
sis  at  low  oxygen  and  n-butane  conversions. 

Carbon  dioxide  formation  reached  a  maximum  in  moles/ 
mole  reacted  at  residence  times  between  0.2  and  0.5  seconds, 
depending  on  the  inlet  temperature.  The  concentration  of 
carbon  dioxide  decreased  after  reaching  the  maximum  value  to 
a  final  value  of  between  0.10  and  0.20  moles/mole  reacted  at 
the  exit.  The  maximum  value  corresponded  to  the  end  of  the 
induction  period  as  indicated  by  the  temperature  profiles. 

The  maximum  carbon  dioxide  formation  occurred  probably  be¬ 
cause  the  oxygen  concentration  was  close  to  the  inlet  valu® 
in  the  induction  zone  and,  as  the  reaction  started,  part  of 
the  n-butane  was  oxidized  completely  to  carbon  dioxide  and 
water.  As  more  n-butane  reacted,  other  products  were  formed 
and  the  overall  formation  of  the  carbon  dioxide  decreased. 

*  Residence  times  corrected  for  reaction  conditions  are 
described  in  Appendix  IX. 
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FIGURE  10:  EFFECT  OF  TEMPERATURE  ON  CARBON  MONOXIDE 
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The  final  concentration  of  the  carbon  dioxide  at  the  reactor 
exit  decreased  with  increasing  temperature. 

The  formation  of  hydrogen , methane  and  ethane , indicated 
in  Figure  11,  were  dependent  on  the  inlet  temperature  mainly 
to  the  extent  that  the  temperature  affected  the  induction 
period.  The  formation  of  each  increased  slightly  with  an  in¬ 
crease  in  inlet  temperature.  An  overall  effect  of  temperature 
could  be  determined  only  if  the  reaction  was  studied  at  a 
wider  range  of  temperatures.  At  the  reactor  exit,  the  average 
hydrogen  concentration  was  0.05  moles/mole  reacted,  the  methane 
concentration  0.15  moles/raole  reacted,  and  the  ethane  con¬ 
centrations  0.12  moles/mole  reacted.  The  hydrogen  composition 
was  inaccurate  due  to  the  method  of  chromatographic  analysis. 
Helium  was  used  as  a  carrier  gas  and,  as  it  has  a  thermal 
conductivity  similar  to  hydrogen,  gave  a  very  poor  peak  on 
the  chromatogram.  As  an  example,  5  per  cent  hydrogen  in  air 
gave  a  peak  only  about  5  per  cent  of  the  recorder  scale  at  an 
attenuation  of  1  while  5  per  cent  of  air,  or  any  other  similar 
component,  gave  a  peak  at  least  50  per  cent  of  the  recorder 
scale  at  an  attenuation  of  4  with  at  least  100  times  as  large 
an  area. 

Ethylene  and  propylene  formation,  given  in  Figure  12, 
were  important.  Ethylene  formed  to  the  extent  of  0.30  moles/ 
mole  reacted  at  the  reactor  exit  and  propylene  concentration 
was  0.35  moles/mole  reacted.  Ethylene  formation  showed  a 
maximum  for  some  runs,  particularly  at  the  lower  temperatures. 
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FIGURE  11:  EFFECT  OF  TEMPERATURE  ON 
HYDROGEN,  METHANE  AND  ETHANE  FORMATION 
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FIGURE  12:  EFFECT  OF  TEMPERATURE  ON 
ETHYLENE  AND  PROPYLENE  FORMATION 
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The  maximum  formation  did  not  always  occur  in  the  runs  at  725°F. 
The  maximum  formation  indicated  that  the  ethylene  reacted  fur¬ 
ther  or  was  not  formed  in  the  latter  stages  of  the  reaction. 
Presence  of  ethylene  oxide  in  the  products  reported  indicated 
that  ethylene  reacted  with  oxygen  to  form  the  oxide. 

Figure  13  describes  the  formation  of  1-butene  and  2- 
butene  in  the  partial  oxidation  of  n-butane.  The  high  forma¬ 
tion  of  the  butenes  in  the  early  stages  of  the  reaction  indi¬ 
cated  that  they  were  two  of  the  initial  products  formed. 
Skrivan(40)  and  Zeelenberg  and  Beckel(46)  both  found  butenes 
to  be  two  of  the  initial  products  as  explained  by  the  re¬ 
actions  given  by  Skrivan. 

The  concentrations  of  1-butene  and  2-butene  decreased 
as  the  residence  time  increased  to  a  final  concentration  at 
the  exit  of  between  0.10  and  0.12  moles/mole  reacted  for 
each.  The  concentration  of  the  butenes  was  independent 
of  inlet  temperature  over  the  range  of  temperatures  studied. 

The  aldehyde  and  ketone  formation,  shown  in  Figure  14, 
was  high  at  low  residence  times  which  indicated  products 
formed  in  the  initiation  reactions.  Once  again,  this  was  in 
agreement  with  the  work  of  Skrivan (40)  and  Zeelenberg  and 
Bickel(46)  for  aldehydes.  Skrivan  reported  no  ketones  in  the 
reaction  system  but  ketones  have  been  identified  as  decompo¬ 
sition  products  by  Norikov  and  co-workers ( 30 ) . 

The  aldehydes  were  mainly  formaldehyde  and  acetal¬ 
dehyde  but  detectable  amounts  of  propionaldehyde  and 
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FTCURE  13*  EFFECT  OF  TEMPERATURE  ON 
1 -BUTENE  AND  2-BUTENE  formation 


MOLES  FORMED  PER  MOLE  OF  n -BUTANE  REACTED 


-84a- 


0.03 


0.02 


0.01  - 


0 


0.2 


0.4 


0.6 


0.8 


1.0 


1.2 


1.4 


0.20 


0.15 


0.10 


•  702°F 

X  681°F 


0.05 


- 1 - 1 - 1 - 1 - 1 - 1 - k 

0  0.2  0.4  0.6  0.8  1.0  1.2  1.4 

RESIDENCE  TIME  IN  SECONDS 

FIGURE  14:  EFFECT  OF  TEMPERATURE  ON 
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butyraldehyde  were  present.  Much  of  the  decrease  in  aldehyde 
concentration  with  increasing  residence  time  was  due  to 
decomposition  of  the  aldehyde  to  a  hydrocarbon  and  carbon  mon¬ 
oxide.  The  concentration  of  the  aldehydes  at  the  exit  was 
0.12  moles/mole  reacted  and  was  independent  of  temperature. 

The  ketones  present  in  the  reaction  system  were  mainly 
acetone  and  methyl  ethyl  ketone  but  some  diethyl  ketone  was 
present.  Ketones  were  formed  to  a  much  lesser  degree  than 
aldehydes  and  their  final  concentration  was  only  0.02  to  0.03 
moles/mole  reacted.  No  definite  trend  was  noted  as  to  the 
effect  of  temperature  on  the  ketone  formation. 

The  formation  of  alcohols,  given  in  Figure  15,  in¬ 
creased  as  the  reaction  proceeded  to  a  value  at  the  exit  of 
between  0.06  and  0.10  moles/mole  reacted.  The  alcohol  analy¬ 
sis  for  the  experimental  run  at  702°F  are  questionable  as  they 
are  much  lower  than  all  other  values.  The  major  alcohol  pre¬ 
sent  was  ethanol  with  smaller  amounts  of  methanol  and  n- 
propanol  and  occasional  traces  of  sec-butanol. 

Water  formation  increased  during  the  period  of 
rapid  reaction  to  values  at  the  reactor  exit  between  0.10  and 
0.15  moles/mole  reacted.  The  final  water  concentration  was 
dependent  on  the  reaction  temperature  and  increased  with  in¬ 
creasing  inlet  temperatures. 

The  first  sample  in  the  run  at  723°F  had  high  alcohol 
and  water  concentrations.  This  was  detected  in  some  of  the 
other  runs  and  was  probably  due  to  analysis  errors. 
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It  has  been  impossible  to  present  a  complete  picture 
on  the  overall  effect  of  temperature  on  the  reaction  because 
data  was  not  available  at  sufficient  inlet  temperatures.  The 
large  temperature  rise  during  the  period  of  rapid  reaction 
interfered  with  the  overall  effect  of  temperature. 

F.  Effect  of  Oxygen  Concentration  on  the  Reaction 

The  effect  of  inlet  oxygen  concentration  on  the  tem¬ 
perature  profile  is  given  in  Figure  16.  The  experimental  runs 
used  in  the  plots  are  11,  13,  16,  and  26  at  respective  inlet 
oxygen  concentrations  of  6.35,  6.49,  7.25,  and  8.12  mole  per 
cent.  Increased  oxygen  concentration  caused  an  increase  in 
the  maximum  temperature  obtained  in  the  reactor.  The  induction 
period,  as  determined  from  the  temperature  profile,  was  in¬ 
dependent  of  the  inlet  oxygen  concentrations. 

The  oxygen  conversion  is  constant  at  95  per  cent  for 
all  inlet  oxygen  concentrations  as  shown  in  Figure  17.  The 
differences  in  residence  times  required  to  reach  the  maximum 
conversion  were  not  a  function  of  the  oxygen  concentration 
but  a  function  of  the  inlet  temperature  which  varied  slightly 
for  each  run. 

The  overall  n-butane  conversion  increased  with  oxygen 
concentration  from  about  20  per  cent  at  the  low  concentrations 
to  almost  30  per  cent  at  the  higher  inlet  oxygen  concentra¬ 


tions  . 
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FIGURE  17:  EFFECT  OF  OXYGEN  CONCENTRATION  ON  CONVERSION 
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The  moles/mole  reacted  for  each  component  that  was 
important  are  plotted  in  Figure  18  to  23  inclusive.  For  many 
of  the  components  formed,  trends  could  not  be  determined  for 
the  effect  of  oxygen  concentration  and  only  those  of  signifi¬ 
cance  will  be  discussed.  The  effect  of  residence  time  on  the 
formation  of  the  products  was  discussed  previously  and  will 
only  be  mentioned  when  significant. 

Carbon  monoxide  formation  was  only  slightly  dependent 
on  the  oxygen  concentration.  The  concentration  at  the  reactor 
exit  varied  from  0.15  to  0.18  moles/mole  reacted  when  the 
inlet  oxygen  concentration  increased  from  6.35  to  8.12  mole 
per  cent. 

Carbon  dioxide  formation  increased  with  an  increase 
in  inlet  oxygen  concentration.  At  the  reactor  exit,  the  con¬ 
centration  of  carbon  dioxide  increased  from  0.06  to  0.15 
moles/mole  reacted.  Carbon  dioxide  concentrations  were  a 
maximum  in  the  reactor  at  a  point  just  following  the  end  of 
the  induction  period. 

The  formation  of  hydrogen,  methane,  and  ethane  were 
all  independent  of  the  inlet  oxygen  concentration  over  the 
range  studied.  The  actual  concentration  of  each  component 
varied  from  run  to  run  but  not  as  a  function  of  the  inlet 
oxygen  concentration. 

On  the  basis  of  the  range  of  oxygen  concentration 
studied  the  amount  of  ethylene  formed  remained  a  constant. 
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The  concentration  of  propylene  increased  slightly  with  an  in¬ 
crease  in  oxygen  concentration.  The  increase  was  very  slight 
however,  and  may  have  been  due  to  analysis  rather  than  oxygen 
concentration . 

The  formation  of  1-butene  and  2-butene  were  not  af¬ 
fected  significantly  over  the  range  of  oxygen  concentrations 
studied.  The  concentration  of  1-butene  varied  between  0.10 
and  0.13  moles/mole  reacted  at  the  exit  while  that  of  the  2- 
butene  varied  between  0.09  and  0.11  moles/mole  reacted. 

The  formation  of  the  aldehydes  decreased  with  increas 
ing  oxygen  ..concentration  while  the  formation  of  ketones  in¬ 
creased.  At  the  reactor  exit  the  aldehyde  content  varied 
between- 0.17  moles/mole  reacted  for  6.35  mole  per  cent  oxygen 
to  0.07  moles/mole  reacted  for  8.12  per  cent  oxygen.  Part 
of  this  decreased  formation  of  aldehydes  was  due  to  the 
chromatograph  column  used  for* the  analysis  of  the  oxygenated 
products.  As  the  column  was  used,  the  separation  of  n- 
butane  from  formaldehyde  became  poorer  and  errors  were  intro¬ 
duced  into  the  formaldehyde  analysis.  This  did.  not  account 
for- all  of  the  effect  shown  but  did  influence  it  somewhat. 

The  ketone  formation  increased  from  0.02  to  0.03  moles/mole 
reacted  as  the  inlet  oxygen  concentration  increased. 

Alcohol  formation  increased  with  the  increase  in  oxy¬ 
gen  concentration  from  0.07  to  0.10  moles/mole  formed.  The 
run  at  7.25  per  cent  inlet  oxygen  concentration  was  question- 
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able  with  respect  to  the  alcohol  analysis  as  mentioned  earlier 
when  the  effect  of  temperature  was  being  discussed. 

The  effect  of  oxygen  concentration  on  the  extent  of 
the  water  formation  was  very  inconclusive.  More  data  and 
better  water  analyses  are  required  before  the  effect  of  reac¬ 
tion  variables  on  the  water  content  can  be  studied. 

G.  Reaction  Mechanism 

A  study  of  the  important  reactions  was  complicated  by 
the  increase  in  temperature  as  the  reaction  proceeded.  The 
increased  temperature  caused  a  decrease  in  the  importance  of 
the  peroxide  radical  reactions  and  increased  the  importance 
of  the  cracking  reactions  as  previously  reported  by  Kalvinskas 
(18)  . 

The  reaction  products  identified  by  gas  chromatography 
were  explained,  with  a  few  exceptions,  by  the  reaction  scheme 
proposed  by  Skrivan(40).  The  plots  of  the  moles  of  product 
formed  per  mole  of  n-butane  reacted  as  a  function  of  residence 
time  in  the  reactor  showed  that  butenes,  aldehydes,  and  ketones 
were  the  initial  products  formed  and  that  all  other  products 
were  formed  by  secondary  reactions.  This  was  in  agreement  with 
Skrivan's  proposal  that  all  the  products  formed  were  dependent, 
either  directly  or  indirectly,  on  the  path  of  the  butyl  radical. 

Ketones,  not  reported  by  Skrivan(40),  are  explained 
by  the  isomerization  or  decomposition  reactions  of  the  hydro¬ 
peroxide  radical  to  aldehydes  or  ketones.  Aldehydes  are  pre- 
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FIGURE  18:  EFFECT  OF  OXYGEN  CONCENTRATION  ON 
CARBON  MONOXIDE  AND  CARBON  DIOXIDE  FORMATION 
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FIGURE  19:  EFFECT  OF  OXYGEN  CONCENTRATION  ON 
HYDROGEN,  METHANE  AND  ETHANE  FORMATION 
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FIGURE  20:  EFFECT  OF  OXYGEN  CONCENTRATION  ON 
ETHYLENE  AND  PROPYLENE  FORMATION 
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FIGURE  21:  EFFECT  OF  OXYGEN  CONCENTRATION  ON 
1-BUTENE  AND  2-BUTENE  FORMATION 
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FIGURE  22:  EFFECT  OF  OXYGEN  CONCENTRATION  ON 
ALDEHYDES  AND  KETONES  FORMATION 
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FIGURE  23:  EFFECT  OF  OXYGEN  CONCENTRATION  ON 
ALCOHOLS  AND  WATER  FORMATION 
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dominant  in  the  decomposition  reactions  because  of  lower 
energy  requirements. 

Carbon  dioxide  formation  was  not  explained  by  the 
reaction  schemes  of  Skrivan(40)  or  Kalvinskas (18)  although 
both  research  workers  reported  its  presence  in  product  analy¬ 
ses.  The  high  carbon  dioxide  concentration  at  the  beginning 
of  the  reaction  was  probably  due  to  complete  oxidation  of  a 
small  amount  of  n-butane  to  carbon  dioxide.  Later  in  the 
reaction  carbon  dioxide  was  no  longer  formed  by  complete  oxi¬ 
dation  of  the  n-butane  because  of  the  low  oxygen  concentration. 
At  the  high  reaction  temperatures  used,  carbon  dioxide  was 
formed  by  the  decomposition  of  acids  to  hydrocarbons  or.  ketones. 

An  attempt  was  made  to  derive  a  rate  expression  for 
the  rate  of  reaction  of  the  n-butane  and,  although  unsuccess¬ 
ful,  several  variables  were  found  to  be  important.  Three 
distinct  periods  were  present  in  all  experimental  runs  includ¬ 
ing  the  induction  period  during  which  little  reaction  occurred, 
the  period  of  rapid  reaction  in  which  most  of  the  oxygen  and 
20  to  30  per  cent  of  the  n-butane  were  consumed,  and  the  final 
period  where  secondary  reactions  occurred  at  a  slow  rate.  Any 
rate  expressions  must  incorporate  terms  for  all  these  periods. 

The  inlet  temperature  to  the  reactor  is  important 
as  it  controls  the  length  of  the  induction  period  and  has  an 
effect  on  the  overall  product  distribution.  Thus,  a  term 
which  includes  the  reactor  inlet  temperature  must  be  in  the 
rate  expression  to  cover  the  induction  period.  Although  they 
were  not  studied  in  this  research  program,  other  variables 
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have  been  found  by  Dalla  Lana(9),  Musgrove(27)  and  others 
which  affect  the  length  of  the  induction  period.  These  vari¬ 
ables  include  flow  conditions  in  the  reactor,  surface  area 
to  volume  ratio,  and  reactor  wall  surface.  The  effect  of 
these  variables  on  the  induction  period  must  be  studied  fur¬ 
ther  before  they  can  be  incorporated  into  the  rate  expression 
for  the  induction  period. 

The  reaction  temperature  is  of  importance  as  it  has 
an  effect  on  the  rate  constant  as  given  by  the  Arrhenius 
equation (43) , 

k  =  Ae-£/RT 

where 

k  =  reaction  rate  constant 
A  =  Arrhenius  constant  for  the  reaction 
E  =  activation  energy 
R  *  gas  constant 
T  =  absolute  temperature 

Kalvinskas (18) ,  Shtern(39),  and  others  have  reported 
a  negative  temperature  coefficient  for  the  partial  oxidation 
reaction  which  must  be  considered  in  the  derivation  of  an 
overall  rate  of  reaction.  The  negative  temperature  coefficient 
occurs  at  intermediate  temperatures  at  which  the  peroxide 
radical  reactions  have  ceased  to  be  important  due  to  instabil¬ 
ity  of  the  peroxide  radicals  and  the  cracking  reactions  have 
slow  rates  due  to  the  low  temperature. 
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The  rate  of  butane  reaction  is  dependent  on  the  con¬ 
centration  of  both  oxygen  and  butane  in  the  system  and  both 
must  be  considered  in  any  rate  expression.  The  dependence  on 
the  oxygen  concentration  has  been  shown  in  all  of  the  experi¬ 
mental  runs  as  indicated  by  the  slow  reaction  rate  after  the 
major  portion  of  the  oxygen  had  been  consumed.  Proof  that 
the  reaction  rate  is  dependent  on  the  n-butane  concentration 
has  not  been  determined  conclusively  in  the  present  program 
but  has  been  previously  shown  by  Kalvinskas (18) .  The  present 
experimental  runs  demonstrate  the  n-butane  effect  on  the  re¬ 
action  only  by  showing  that  the  n-butane  reacts  even  after 
the  major  portion  of  the  oxygen  has  been  consumed,  although 
at  a  much  slower  rate. 

No  attempt  was  made  to  compare  to  present  data  with 
rate  expressions  derived  by  Skrivan(40)  and  Kalvinskas (18) 
because  of  limitations  on  the  use  of  these  rate  expressions. 
5krivan's  rate  expression  was  derived  from  data  that  showed 
no  induction  period  in  the  reactor,  and  as  a  result,  included 
no  term  for  the  induction  period.  This  suggests  that  his 
rate  expression  has  only  limited  applicability  and  certainly 
cannot  fit  the  present  data.  Kalvinskas  derived  his  rate 
expression  for  a  reaction  scheme  that  showed  only  hydrocarbons 
in  the  product  with  no  oxygenated  products,  except  water,  be¬ 
ing  present.  No  comparison  was  made  using  the  present  data 
as  the  reaction  scheme  used  by  Kalvinskas  certainly  does  not 
describe  the  present  system. 
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H.  Heat  of  Reaction 

The  heat  of  reaction  for  run  number  16  was  calculated 
by  two  methods  and  the  results  were  compared.  The  overall 
heat  of  reaction  was  calculated  using  the  heats  of  formation 
of  the  reactants  and  products  for  the  exit  gas  stream  at  77°F 
and  corrected  to  the  reaction  temperature  of  702 °F  by  means 
of  the  specific  heat  values  for  each  component. 

AHR)77°F  =  ^  AHF)PROD.  “  l  AHF) REACT. 

702 

AHr)  702 °F  =  AHR^77°F  +  ACp  dT 

where 


r)  77°F 

= 

heat 

of 

reaction  at  77°F 

fa 

o 

CM 

O 

= 

heat 

of 

reaction  at  702°F 

R^  prod 

= 

heat 

of 

formation  of  products  at  77°F 

*  REACT 

s 

heat 

of 

formation  of  reactants  at  77°F 

AC. 

P 

= 

C  ) 

p'  PROD 

Cp) REACT 

= 

heat 

capacity  difference  between 

products 

and  reactants 

T 

= 

absolute 

temperature 

The  overall  heat  of  reaction  was  calculated  to  be 
-26,400  BTU/lb.mole  of  n-butane  reacted.  The  heat  release, 
defined  as  the  amount  of  heat  produced  by  the  reaction  per 
hour,  was  calculated  from  the  heat  of  reaction  and  the  reactant 
flow  rate  to  be  8,380  BTU/hr. 
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The  rate  of  heat  release  was  also  calculated  from  the 
increase  in  temperature  of  the  gas  stream  and  the  heat  trans¬ 
ferred  from  the  gas  to  the  reactor  wall  by  the  equation 


Q  = 

h  A.  (T  -  T  )  +  w  C  (T  -  T  ) 

1  G  w  pAV  F  o 

where 

Q  = 

heat  released  BTU/hr 

h  = 

heat  transfer  coefficient  from  the  gas  to 

the  reactor  wall 

A.  = 

1 

reactor  surface  area 

T  = 

G 

gas  temperature 

T 

w 

reactor  wall  temperature 

w  = 

weight  rate  of  flow  through  the  reactor 

C 

Pav 

average  specific  heat  of  gases 

II 

exit  temperature  of  gas  stream 

T 

o 

inlet  temperature  of  gas  stream 

The  rate  of  heat  release  was  found  to  be  6800  BTU/hr. 

The  differences  in  these  answers  were  due  mainly  to 
the  problem  of  calculating  the  heat  transferred  from  the 
gas  to  the  reactor  wall.  A  heat  transfer  coefficient  cal¬ 
culated  at  entrance  conditions  was  used  throughout  as  the 
effect  of  the  reaction  on  the  stream  properties,  mainly  vis¬ 
cosity  and  thermal  conductivity,  were  unknown. 
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CONCLUSIONS 

The  reactor  used  in  the  study  of  the  partial  oxidation 
of  n-butane  functioned  well  in  most  respects  for  the  experi¬ 
mental  program.  The  control  systems  for  the  reactor  were  very 
satisfactory  and  maintained  the  reaction  variables  at  the 
desired  settings.  The  overall  carbon  and  hydrogen  balances 
on  all  the  reaction  samples  verified  the  accuracy  of  the  n- 
butane  flow  controller. 

The  electrical  heaters  for  the  reactor  were  not  com¬ 
pletely  satisfactory  as  it  was  impossible  to  maintain  a  con¬ 
stant  wall  temperature,  even  for  the  runs  with  n-butane  in 
which  no  reaction  occurred.  The  control  thermocouple  for  the 
reactor  heaters  was  positioned  poorly  and,  for  many  experi¬ 
mental  runs,  the  reactor  wall  at  the  entrance  was  below  the 
reaction  temperature  which  resulted  in  cooling  of  the  gases 
prior  to  the  start  of  the  reaction. 

The  chromatographic  analysis  for  all  components,  except 
carbon  dioxide,  hydrogen,  and  water,  was  good  as  indicated  by 
the  carbon  and  hydrogen  balances  based  on  the  amount  of  butane 
reacted  and  the  overall  oxygen  balance.  The  low,  and  fluctu¬ 
ating,  overall  oxygen  balance  indicated  poor  carbon  dioxide 
and  water  analysis  and  the  hydrogen  balance  based  on  the 
butane  reacted  confirmed  low  water  and  hydrogen  analyses.  The 
poor  carbon  dioxide  analysis  was  caused  by  poor  separation  on 
the  chromatographic  columns  used.  Carbon  dioxide  was  not 
separated  from  ethylene  on  the  Silica  Gel  column  and  had  to 
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be  determined  by  a  difference  between  the  ethylene  and  carbon 
dioxide  peak  on  the  Silica  Gel  column  and  the  ethylene  peak 
on  the  Molecular  Sieve  column.  The  poor  water  analysis  occurred 
because  of  the  poor  resolution  of  the  water  peak  on  the  Ucon 
column.  The  hydrogen  analysis  was  low  because  of  the  low 
sensitivity  of  the  chromatograph  for  hydrogen  when  helium  was 
being  used  as  the  carrier  gas. 

The  temperature  of  the  gas  stream  increased  rapidly 
from  the  inlet  temperature  during  the  period  of  rapid  reaction 
to  a  peak  temperature  approximately  400 °F  above  the  inlet 
temperature.  After  the  period  of  rapid  reaction,  the  gas  phase 
temperature  decreased  due  to  heat  transfer  to  the  reactor  wall. 
Errors  in  the  gas  phase  thermocouple  readings  are  not  believed 
to  exceed  10  to  12 °F.  (Due  to  radiant  and  conductive  heat 
transfer  from  the  thermocouples  to  the  reactor  wall.) 

Analysis  of  samples  showed  that  on  the  average  60  per 
cent  of  the  n-butane  that  reacted  was  converted  to  olefins, 

10  per  cent  to  hydrocarbons  of  lower  molecular  weight,  10 
per  cent  to  carbon  oxides,  and  20  per  cent  to  oxygenated  pro¬ 
ducts  consisting  of  aldehydes,  ketones,  and  alcohols.  In  all 
the  experimental  runs,  between  20  and  30  per  cent  of  the 
butane  reacted  throughout  the  reactor.  Ninety-five  per  cent 
of  the  oxygen  was  consumed  by  the  end  of  the  period  of  rapid 
reaction  but  no  further  conversion  was  detected  in  the  reactor. 

The  experimental  runs  made  at  different  inlet  tempera¬ 
tures  described  the  effect  of  the  inlet  temperature  on  the  in- 
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duction  period.  For  inlet  temperatures  of  685°F,  the  induc¬ 
tion  period  lasted  approximately  0.5  seconds  but  at  725 °F, 
the  induction  period  was  only  0.2  seconds. 

The  products  identified  in  the  reaction  mixtures  are 
consistent  with  the  reaction  scheme  proposed  by  Skrivan(40), 
in  which  the  formation  of  all  products  was  dependent  on  the 
path  of  the  butyl  radical.  Butenes,  aldehydes,  and  ketones 
were  identified  as  the  primary  products  formed  with  all  others 
being  secondary. 

A  study  of  the  rate  of  decomposition  of  the  n-butane 
showed  the,  importance  of  several  variables.  The  inlet  tem¬ 
perature  was  important  as  it  controlled  the  length  of  the 
induction  period  and  affected  the  product  distribution. 
Finally,  n-butane  and  oxygen  concentrations  were  both  found 
to  have  an  effect  on  the  rate  of  decomposition.  Any  rate 
equation  capable  of  describing  the  decomposition  of  n-butane 
in  a  partial  oxidation  reaction  must  take  into  account  all  of 
these  variables  as  well  as  many  others  not  studied  here. 
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RECOMMENDATIONS 

Several  features  of  the  experimental  equipment  were 
found  to  cause  poor  temperature  distribution  in  the  reactor 
and,  if  eliminated  before  any  future  work  is  done,  would  pro¬ 
vide  better  temperature  control  and  distribution  in  the  reactor. 
The  reactor  control  thermocouple  should  be  located  at  the 
reactor  entrance  in  order  to  maintain  a  constant  gas  tempera¬ 
ture  until  the  rapid  reaction  begins. 

Methods  should  be  employed  to  provide  a  reactor  wall 
temperature  that  is  closer  to  being  constant  than  was  obtained 
during  the  present  experimental  program.  One  method  would 
be  to  remove  part  of  the  insulation  from  the  reactor  wall  and 
thereby  increase  the  heat  losses. 

t 

The  reactor  should  be  adapted  for  the  use  of  solids 
in  the  gas  stream  to  act  as  heat  sinks  for  the  heat  of  re¬ 
action.  The  solids  would  reduce  the  magnitude  of  the  tempera¬ 
ture  increase  without  inhibiting  the  reaction. 

The  reactor  exit  should  be  insulated  better  so  that 
the  temperature  profile  and  product  distribution  are  not 
affected  until  after  the  sample  point  at  the  exit.  At  the 
present,  the  space  between  the  bottom  electrical  heater  and 
the  exit  flange  is  uninsulated.  Temperatures  measured  in 
this  region  are  lower  than  they  should  be  according  to  the 
profiles  obtained  and  could  easily  be  corrected. 

A  better  chromatographic  analysis  of  the  product 
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samples  could  be  obtained  if  different  columns  were  used  for  the 
separation  of  certain  components.  Carbon  dioxide  and  water 
analyses  were  poor  and  a  better  choice  of  columns  could  give 
a  better  analysis.  The  amount  of  hydrogen  formed  should  be 
determined  either  by  some  other  means  or  by  chromatographic 
analysis  only  if  some  other  carrier  than  helium  is  used.  Helium 
has  a  thermal  conductivity  very  close  to  hydrogen  and  the  peak 
for  hydrogen  is  inaccurate. 

Further  work  should  be  carried  out  on  the  equipment  to 
determine  the  effect  of  temperature,  oxygen  concentration,  and 
reactor  pressure  on  the  partial  oxidation  of  n-butane.  To 
study  the  effect  of  temperature,  the  residence  time  must  be 
varied  so  that  product  samples  are  obtained  in  the  induction 
period,  the  period  of  rapid  reaction,  and  the  final  period  dur¬ 
ing  which  little  reaction  takes  place.  The  reactor  should  be 
converted  so  that  either  enriched  air  or  pure  oxygen  may  be 
used  to  study  the  effect  of  oxygen  concentration  on  the  re¬ 
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THERMOCOUPLE  AND  SAMPLE  LINE  LOCATION 
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The  thermocouple  locations  in  the  reactor  are  given  in 
Table  1-1.  The  thermocouple  numbers  are  the  numbers  corres¬ 
ponding  to  the  temperature  recorder  channels.  The  actual 
thermocouple  locations  are  given  in  distances  measured  from 
the  mixing  point  of  gases  in  the  preheater  when  the  reactor 
is  hot.  The  thermal  expansion  of  the  reactor  is  divided  even¬ 
ly  over  the  reactor  length  even  though  it  may  be  higher  in 
some  sections  due  to  the  higher  wall  temperatures.  The  tem¬ 
perature  that  the  thermocouple  measures  is  indicated  by  "G" 
if  the  thermocouple  is  in  the  gas  stream,  and  by  "W"  if  it  is 
in  the  reactor  wall.  Thermocouples  1  to  15  are  in  the  reactor 
and  number  16  is  in  the  preheater.  The  locations  of  the  pre¬ 
heater  and  reactor  control  thermocouples  are  included  in 
Table  1-1. 

Table  1-2  gives  the  locations  of  the  sample  points. 

The  sample  point  positions  are  reported,  in  the  same  manner 
as  for  the  thermocouples,  as  the  distance  measured  from  the 
mixing  point  of  the  n-butane  and  air  in  the  preheater. 

All  thermocouples  and  sample  lines  are  located  within 
-0.1  inch  of  the  point  as  reported. 
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Table  1-1 


Location  of  Thermocouples 


Thermocouple  Location:  inches  Temperature 

Number  From  Mixing  Point  Measured 


1 

19.7 

G 

2 

30.4 

G 

3 

30.4 

W 

4 

41.1 

G 

5 

51.8 

G 

6 

51.8 

W 

7 

62.5 

G 

8 

73.2 

G 

9 

73.2 

W 

10 

83.9 

G 

11 

94.6 

G 

12 

94.6 

W 

13 

105.3 

G 

14 

116.0 

G 

15 

116.0 

W 

16 

6.0 

G 

Preheater 

6.0 

G 

Reactor 

51.8 

G 

■  L' 
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Table  1-2 


Location  of  Sample  Points 


Sample  Line  Location:  Inches  Location:  Fraction 
Number  From  Mixing  Point  of  Reactor  Length 


1 

30.4 

0.260 

2 

51.8 

0.443 

3 

73.2 

0.626 

4 

94.6 

0.809 

5 

116.0 

0.992 
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RETENTION  TIMES  FOR  THE  COMPONENTS 
SEPARATED  BY  GAS  CHROMATOGRAPHY 


SAMPLE  CHROMATOGRAMS 


II-2 


The  retention  times  for  all  the  components  separated 
on  each  column  are  given  in  Tables  II-l  to  II-4.  Also  in¬ 
cluded  in  these  tables  are  the  relative  response  factors  and 
correction  factors  for  all  components.  Correction  factors 
are  not  reported  for  the  Molecular  Seive  and  Molecular  Seive- 
Charcoal  columns  as  these  columns  are  operated  at  constant 
temperatures.  The  component  numbers,  given  for  all  components, 
are  used  in  Appendices  VI  and  VII  for  the  compounds  reported 
in  the  analyses  and  product  distributions. 

Sample  chromatograms  are  shown,  one  for  each  column 
used  in  the  separation,  in  order  to  indicate  the  degree  of 
separation  obtained.  The  components  separated  and  the 
attenuation  for  each  peak  are  given  on  the  chromatograms. 
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15 

16 
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22 
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Table  II-l 

Retention  Times  for  Components  Separated 
on  the  Ucon  Column 


Component 

Retention 

Time 

Minutes 

Relative 

Response 

Factor 

Hydrogen 

2.8 

*0.0085 

Air 

2.8 

0.42 

Carbon  Monoxide 

2.8 

0.42 

Methane 

2.8 

0.36 

Ethane 

3.1 

0.51 

Carbon  Dioxide 

3.1 

0.48 

Ethylene 

3.1 

0.48 

Propane 

3.8 

0.65 

Propylene 

3.8 

0.63 

i-Butane 

4.4 

0.82 

n-Butane 

5.0 

0.85 

1-Butene 

5.0 

0.81 

2-Butene 

5.0 

0.86 

Formaldehyde 

5.8 

*0.58 

Ethylene  Oxide 

6.3 

0.68 

2 -Methyl  Butane 

7.1 

1.05 

Acetaldehyde 

7.7 

*0.69 

n-Pentane 

8.6 

1.05 

Propylene  Oxide 

9.6 

0.80 

3-Methyl  Pentane 

10.5 

1.19 

n-Hexane 

12.7 

1.23 

Propionaldehyde 

13.7 

*0.80 

Unknown 

14.5 

Acetone 

15.2 

0.86 

Methanol 

16.9 

0.55 

Water 

17.8 

0.21 

Correction 

Factor 


1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.03 

1.00 
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Table  II-l  -  continued 


Component 

Number 

Component 

Retention 

Time 

Minutes 

Relative 

Response 

Factor 

Corrects 

Factor 

Unknown 

19.5 

27 

Ethanol 

20.5 

0.72 

1.05 

28 

Butyr aldehyde 

22.1 

*0.92 

1.07 

29 

Methyl  Ethyl  Ketone 

23.4 

0.98 

1.08 

30 

n-Propanol 

29.3 

0.83 

1.10 

31 

Diethyl  Ketone 

30.4 

1.10 

1.10 

Unknown 

31.7 

Unknown 

36.7 

32 

sec-Butanol 

39.4 

0.97 

1.10 

Unknown 

44.0 

Unknown 

46.0 

*  Relative  Response  Factors  for  Aldehydes  and  Hydrogen  were 
determined  as  part  of  the  present  program. 
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10 
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12 

13 
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Table  II-2 

Retention  Times  for  Components  Separated 
on  the  Silica  Gel  Column 


Component 

Retention 

Time 

Minutes 

Relative 

Response 

Factor 

Correction 

Factor 

Hydrogen 

4.8 

0.0085 

1.00 

Air 

4.8 

0.42 

1.00 

Carbon  Monoxide 

4.8 

0.42 

1.00 

Methane 

4.8 

0.36 

1.00 

Ethane 

6.9 

0.51 

1.00 

Carbon  Dioxide 

7.7 

0.48 

1.00 

Ethylene 

7.7 

0.48 

1.00 

Propane 

10.4 

0.65 

1.00 

Propylene 

14.1 

0.63 

1.00 

i-Butane 

17.0 

0.82 

1.00 

n-Butane 

17.0 

0.85 

1.00 

1-Butene 

22.5 

0.81 

1.02 

2 -Butene 

25.1 

0.86 

1.03 

Sd.O 
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Table  II-3 

Retention  Times  for  Components  Separated 
On  the  Molecular  Seive  Column 


Component 

Number 

Component 

Retention 

Time 

Minutes 

Relative 

Response 

Factors 

1 

Hydrogen 

1.5 

0.0058 

2,3 

Air 

1.5 

0.42 

4 

Carbon  Monoxide 

1.8 

0.42 

5 

Methane 

1.8 

0.36 

6 

Ethane 

4.7 

0.51 

8 

Ethylene 

9.0 

0.48 

Table  II-4 

Retention  Times  for  Components  Separated 


on 

the  Molecular  Seive 

-Charcoal  Column 

Relative 

Response 

Factors 

Component 

Number 

Component 

Retention 

Time 

Minutes 

1 

Hydrogen 

2.4 

0.0085 

2 

Oxygen 

5.7 

0.40 

3 

Nitrogen 

6.4 

0.42 

4 

Carbon  Monoxide 

9.3 

0.42 

5 

Methane 

19.8 

0.36 

3NVlN3d-u 


3Q1X0  3N31AdOyd 


3NVlN3d  1AH13W-C 


3QAH3(riVN0Id03d 


30AH3(nv^Aina 


3N0I3>1  TAHI3  1AHI3W 


lONVdOad- u 


3N013X  TAHI3IQ 


se  — 


sainNiw 

awn 


NwmoD  no  on  ao  wvaooivwoaHO  -  t  - 1 1  aanoia 


0  — 


aNVHiaw  +  aaixoNow  Noaavo  ‘aiv  ‘NaooaaAH 


"ZG* 


c 


91*  aNaiAHia  +  aaixoia  Noaavo  ‘aNVHia 


V9*  3N3ina-z  +  3N3ina-i  -‘aNvina-u 

i*  aav  aaaH  woaa  sNoiivnNau.v  nv 
NOIIVnNa.T.IV  NI  30NVH0 

aoAWivwaoa 


8*  aKVJoad  +  aNaiAaoaa 


no  aawwvaooaa  *dwai  l  — 


oi- 


3NOI3X  3AHI3  1AHI3W 


Nwmoo  iao  varus  ao  wvaooj.vwo>iH3  -  z-n  aanoia 


3NVHI3W  +  3CIIXONOW  NOaHVO  ‘HIV  ‘  N3DOHCIAH 


SHJ.nNIW 

hwii 

0  — 


aaixoia  nohhvd  +  :-in33ahj,3  — z * 

NO  H'lWNVHDOHd  *dW3J.  8  — 


HNVdOHd  )  Z* 


NwmoD  :ia:i j .>  Hvinonow  jo  wvhooivwohho  -  e-n  aanou 


HIV  +  N300HQAH 

ZC* 

3NVHI3H  +  3GIXONOW  NOfl^VO 


ZC* 


S3JX1NIW 

3WII 

0  - 


I* 


3N31AH13 


3A31S  HVM3310W  30  WVHOOIVWOHHO  -  v-ll  330913 


S31QNIW 

3WI1 

o  — 


N:-i:)oaiiN  ■ 


3C* 


m  a  i  vo  mow  NQg^va 


APPENDIX  III 


CALIBRATION  OF  INSTRUMENTS 


III-2 


A.  Integral  D/P  Cells 

The  D/P  Cell  for  the  air  was  calibrated  by  passing  a 
constant  flow  of  air  through  it  and  measuring  the  air  rate 
with  a  Natural  Gas  Meter  made  by  the  American  Meter  Company 
and  certified  accurate  by  the  Standards  Division  of  the  Cana¬ 
dian  Department  of  Trade  and  Commerce.  The  air  flow  rate, 
for  each  controller  setting,  was  converted  to  standard  con¬ 
ditions  of  60°F  and  1  atmosphere  and  then  to  a  weight  rate  of 
flow.  Orifice  size  and  the  range  setting  for  the  D/P  cell 
are  given  in  Table  III-l  along  with  the  experimental  points 
used  to  determine  the  calibration  curve.  The  calibration 
curve  is  shown  as  a  log-log  plot  of  the  controller  chart 
reading  versus  the  weight  rate  of  flow  of  the  air  in  Figure 
III-l.  The  dotted  line  is  the  calibration  curve  supplied  by 
Foxboro,  the  manufacturer  of  the  D/P  cell. 

The  D/P  cell  for  the  n-butane  was  calibrated  with 
water  and  then  converted  to  n-butane  by  the  formula  given  by 
Foxboro  as :  - 

Equivalent  water  flow  (gpm)  =  V  G,  \  — 

V  Gf 

where 

V  =  flow  of  liquid  n-butane  in  gpm  at  60°F 
G^  =  specific  gravity  of  n-butane  at  60°F 
G^  =  specific  gravity  of  n-butane  at  the  flowing 
temperature 
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III-3 


The  rate  of  flow  of  water  was  measured  at  various  con¬ 
troller  settings  by  collecting  the  quantity  of  water  flowing 
through  the  D/P  cell  in  a  certain  length  of  time.  The  water 
rates  were  then  converted  to  the  rate  of  flow  of  n-butane  at 
a  flowing  temperature  of  75°F.  Table  III-2  gives  a  record  of 
the  orifice  size  and  range  setting  for  the  D/P  cell  as  well 
as  the  calibration  points.  The  calibration  curve.  Figure 
III-2,  is  a  log-log  plot  of  the  controller  chart  reasing  ver¬ 
sus  the  n-butane  flow  rate  in  lb. /hr.  The  dotted  line  is, 
once  again,  the  calibration  curve  supplied  by  Foxboro  for 
the  orifice  used. 

B.  Pressure  Transmitter 

The  M/44  Pressure  Transmitter  was  calibrated  by  using 
a  200  psig  gauge  that  had  been  calibrated  by  a  Dead  Weight 
Tester  and  found  to  be  accurate  over  the  entire  range.  A 
nitrogen  cylinder  was  fitted  with  a  variable  pressure  regula¬ 
tor  and  connected  to  the  transmitter  and  pressure  gauge. 
Readings  were  taken  at  intervals  of  20  psig  up  to  140  psig, 
the  limit  of  the  pressure  regulator.  The  recorder  was  con¬ 
nected  during  the  calibration  and  was  found  to  record  the 
transmitter  pressure  as  a  percentage  of  the  range  of  the 
transmitter  over  the  range  calibrated.  The  points  obtained 
are  given  in  Table  III-3. 
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C.  Thermocouples 

All  of  the  thermocouples  were  enclosed  in  a  bundle 
and  wrapped  with  asbestos  tape.  For  calibration  temperatures 
below  350°C  a  standard  thermometer  was  included  in  the  bundle 
to  measure  the  correct  temperature.  For  temperatures  above 
350°C,  all  thermocouple  readings  were  compared  to  the  reading 
of  thermocouple  number  6  which  was  chosen  as  the  most  accurate 
thermocouple  on  the  basis  of  calibrations  below  350°C.  The 
bundle  of  thermocouples  was  inserted  in  an  electric  furnace 
and  the  furnace  turned  on.  When  the  temperature  in  the  furn¬ 
ace  had  stabilized  at  the  desired  temperature,  readings  of 
each  thermocouple  were  taken  along  with  readings  of  the 
standard  thermometer  or  "standard"  thermocouple.  The  desired 
temperature  level  was  obtained  by  adjusting  a  rheostat  con¬ 
nected  to  the  heater.  Care  was  taken  during  each  reading  to 
be  sure  that  the  temperature  was  not  fluctuating.  Any  fluctu¬ 
ations  could  cause  errors  because  different  thermocouples 
required  different  times  to  reach  equilibrium. 

The  thermocouples  were  checked  at  four  temperatures 
levels,  330,  350,  400,  and  450°C  and  were  all  found  to  be 
within  t3°F  of  the  true  temperature.  No  calibration  curves 
were  plotted  for  the  thermocouples  as  the  errors  were  ran¬ 
dom.  No  corrections  were  made  on  the  recorded  temperatures 
and  standard  conversion  tables  were  used  to  convert  the 
thermocouple  millivolt  readings  to  temperatures. 
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Table  III-l 


D/P 

Cell  Calibration 

for  Air 

Orifice  diameter 

0.0595  inches 

D/P 

Cell  range 

100  inches  of  water 

Air 

temperature 

73°F 

Atmospheric  pressure 

28.09  inches  of  Hg 

Controller 
Chart  Reading 

Q. 

*6 

Air  Rate  Air  Rate  Weight  Rate 

cu.ft./min.  S.C.F.M.  of  Flow 

lb/hr. 

19.8 

0.335 

0.307  1.403 

20.0 

0.334 

0.306  1.398 

40.0 

0.484 

0.444  2.028 

59.9 

0.602 

0.550  2.513 

80.0 

0.703 

0.643  2.938 

97.7 

0.781 

0.716  3.271 

Table  II I -2 

D/P  Cell  Calibration  for 

n-Butane 

Orifice  diameter 

0.0200  inches 

D/P  Cell  range 

250  inches  of  water 

Water  temperature 

72°F 

Controller 
Chart  Reading 
% 

Water  Rate 
U.S.  GPM 

Weight  Rate  of  Flow 
of  n-Butane 
lb. /hr . 

20.0 

.  0152 

5.73 

40.0 

.  0222 

8.37 

60.0 

.  0274 

10.32 

59.8 

.  0275 

10.36 

81.2 

.  0322 

12 .13 

94.3 

.  0349 

13.15 

40.5 

.  0223 

8.40 

23.0 

.  0164 

6.18 

-  . 
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Table  III-3 

Pressure  Transmitter  Calibration 


Transmitter 

psig 


Actual  Pressure 
psig 


Recorder  Chart 
% 


20 

19.8 

10.0 

40 

39.6 

20.0 

60 

59.4 

30.0 

70 

69.3 

35.0 

79 

78.6 

34.5 

98 

98.4 

49.0 

117 

118.2 

58.5 

137 

138.0 

68.5 
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CONTROLLER  CHART  READING  7.  (100"  WATER) 


AIR  FLOW  LB /HR 
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n- BUTANE  FLOW  RATE  LB /HR 


FIGURE  III -2:  CALIBRATION  CURVE  FOR  n-BUTANE  FLOW 


APPENDIX  IV 


EXPERIMENTAL  TEMPERATURES  RECORDED  IN  THE  REACTOR 


I V-2 


The  experimental  temperatures,  obtained  for  each  run, 
are  recorded  in  Table  IV-1.  All  readings  are  the  actual 
thermocouple  recorded  millivolts  converted  to  degrees  Fahren¬ 
heit.  The  readings  have  not  been  corrected  for  errors  due  to 
conduction  and  radiation  between  the  thermocouple  and  reactor 
wall  but  the  magnitude  of  the  errors  are  calculated  in  Appen¬ 
dix  V. 

Temperatures  that  have  an  asterisk  (*)  beside  them 
are  questionable  and  are  not  used.  A  reading  for  thermo¬ 
couple  15  is  not  always  reported  as  it  was  often  below  the 
range  of  the  temperature  recorder.  The  low  temperature  was 
caused  by  the  position  of  the  thermocouple  at  the  reactor  exit. 
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Table  IV-1 

Experimental  Temperature  Profiles 


Run 

Number 


10 


11  12 


13  14  15  16  17  18 


Thermo¬ 
couple  Temperature  °F 

Number 


16 

732 

705 

704 

705 

696 

727 

702 

681 

723 

1 

1129 

679 

679 

680 

665 

782 

688 

729 

785 

2 

1110 

851 

698 

800 

678 

984 

876 

653 

1095 

3W 

1003 

*1027 

*727 

*1076 

*705 

917 

*1113 

637 

1050 

4 

1073 

1032 

1023 

1045 

896 

966 
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656 

1079 

5 

1047 

1009 

1036 
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1040 
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949 
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958 
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*947 
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1010 
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1005 

9W 
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939 

980 

944 

10 

967 

947 

973 

*940 

954 

897 

989 

1023 

987 

11 

946 

932 

959 

940 

941 

885 

968 

994 

970 

12W 

881 

883 

912 
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842 

907 

916 

919 

13 

926 

917 

946 

925 

923 

875 

950 

971 

956 

14 
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Table  IV-1  -  continued 


Run 

Number 


19 


20  21  22  23  24 


25  26 


Thermo¬ 
couple  Temperature  °F 

Number 


16 

685 

702 

687 

723 

700 

792 

909 

699 

1 

762 

691 

667 

733 

671 

764 

876 

682 

2 

919 

912 

802 

1155 

681 

774 

882 

829 

3W 

*1216 

*1207 

*1246 

1060 

689 

778 

888 

*1194 

4 

1161 

1157 

1206 

1110 

689 

780 

896 

1164 

5 

1116 

1113 

1126 
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697 

789 

904 

1103 

6W 

1047 

1035 

1045 

997 

708 

801 

910 

1023 

7 

*987 

1086 

1096 

1053 

707 

799 

908 

1071 

8 

1071 

1059 

1067 

1026 

714 

805 

924 

1046 

9W 

1007 

990 

997 

953 

722 

804 

927 

976 

10 

1052 

1037 

1045 

1002 

724 

809 

937 

1026 

11 

1034 

1021 

1026 

983 

728 

816 

946 

1006 

12W 

980 

959 

963 

915 

742 

827 

952 

945 

13 

1019 

1002 

1008 

961 

739 

827 

955 

989 

14 

971 

955 

963 

918 

730 

815 

936 

948 
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709 

701 
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714 
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APPENDIX  V 


THERMOCOUPLE  CORRECTIONS 


a'  lornanaoo 

V-2 


Eleven  thermocouples  were  installed  in  the  gas  stream 
normal  to  the  gas  flow  to  measure  the  temperature  in  the  gas 
phase.  The  thermocouples  were  inserted  through  the  reactor 
wall  with  the  tips  at  the  center  of  the  reactor.  Errors  were 
expected  in  the  thermocouple  readings  because  the  surface 
area  of  the  thermocouples  in  contact  with  the  gas  stream  was 
small  and  because  the  thermocouples  were  attached  to  the  re¬ 
actor  wall. 

No  attempt  was  made  to  correct  all  of  the  thermocouple 
readings  for  each  experimental  run  but  the  following  calcula¬ 
tions  serve  to  indicate  the  magnitude  of  the  errors. 

Consider  a  heat  balance  around  a  small  element  of  the 
thermocouple  illustrated  in  the  diagram: 


Wall  / 

/ 

/ 

/ 

L 

-f* 

T 

s/ 

/ 

/ 

/ 

/ 

/ 

Til 

x  ^ 

Gas 

Flow 
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T  =  the  temperature  of  the  thermocouple  at  a 
distance  x  from  the  reactor  wall  °R 
Tg  =  reactor  wall  temperature  °R 
Tg  =  true  gas  temperature  °R 

T  =  temperature  at  the  tip  of  the  thermocouple 

_2 

b  =  perimeter  of  the  thermocouple  =  1.638  x  10  ft. 
S  =  cross-sectional  area  of  the  thermocouple 
(metal  only)  =  1.153  x  10  ^  ft.2 
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V-3 


-3 

Dq  =  outside  diameter  of  thermocouple  =  5.22  x  10  ft. 

-3 

=  inside  diameter  of  thermocouple  =  3.54  x  10  ft. 

-2 

L  =  length  of  thermocouple  =  2.60  x  10  ft. 

h  =  convective  heat  transfer  coefficient 
c 

BTU/hr . ft . 2  °F 

h^  =  radiant  heat  transfer  coefficient,  BTU/hr. ft?  °F 
k  =  thermal  conductivity  of  thermocouple  =  12.1 

BTU/hr. ft. 2  °F/f t . 

£  =  emissivity  of  the  thermocouple 

2 

G  =  mass  flow  rate  of  gas,  lb/ft.  hr. 

2 

=  thermal  conductivity  of  gas  =  .0307  BTU/hr. ft. 

°F/ ft . 

U f  =  viscosity  of  gas  =  0.0586  lb/ft. hr. 

Qgr  +  Qc  =  Qr  +  Qk  <V-1) 

where  Q  is  the  rate  of  heat  flow  between  the  gas  and  thermo- 
couple  by  gas  radiation,  Q  is  the  rate  of  heat  transfer  be- 
tween  the  gas  and  thermocouple  by  convection,  Qr  is  the 
radiant  heat  exchange  between  the  thermocouple  and  the  re¬ 
actor  wall,  and  is  the  heat  transferred  by  conduction  from 
the  thermocouple  to  the  reactor  wall.  By  neglecting  gas 
radiation,  thermal  gradiants  in  the  thermocouple  wall,  and 
the  effect  of  the  tip  of  the  thermocouple,  the  heat  balance, 
in  differential  form,  becomes: 

h  b  dx  (T  -  T)  =  1.713  x  10~9  ebdx  (T4  -  T4  ) 

C  CJ  s 

d2T 

-  ks  (~)  dx 
dx 


( V-2 ) 
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The  absolute  temperature  to  the  fourth  power  may  be 
removed  from  equation  ( V— 2 )  by  using  a  radiant  heat  transfer 
coefficient  defined  by  the  equation: 

Qr  =  hrb  dx  (T  -  Ts) 


=  1.713 

x  10  9 

4  4 

ebdx  (T  -  T  ) 

s 

(V-3) 

=  1.713 

x  10"9 

4  4 

(T  -  T  ) 

£  3 

(V-4) 

(T  -  T  ) 
s 

Substituting  equation  (V-3)  into  equation  (V-2)  gives 

d2T 

h  bdx  (T  -  T)  =  h  bdx  (T  -  T  )  -  kS  ( — T)  dx  (V-5) 

c  g  r  s  ,2 

dx 

Rearranging  equation  (V-5)  produces  the  differential  equation 

d2T  h  b  h  b 

- -  —  (T  -  T)  -  —  (T  -  T  )  (V-6) 

dx2  kS  9  kS  S 

The  integration  of  equation  (V-6)  is  difficult  unless 
certain  simplifying  assumptions  are  made.  The  radiant  heat 
transfer  coefficient  is  a  function  of  the  thermocouple  and 
wall  temperatures,  but  an  average  value  may  be  used  without 
causing  too  great  an  error,  providing  that  the  coefficient  is 
not  too  large.  The  convective  heat  transfer  coefficient  is  a 
function  of  the  fluid  properties  and  may  be  assumed  constant. 
For  a  thermocouple  of  constant  cross  section  the  perimeter 
and  cross-section  are  constant.  The  flowing  gas  temperature 
and  the  wall  temperature  are  constant  for  any  point  in  the 


reactor. 
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Rearranging  equation  (V-6)  gives 


2 

d  T 

4. 

<hc  +  Vb 

(T  -  T  ) 

g 

h  b 
r 

(T  -  T  )  ( V—  7 ) 

g  63 

,  2 
dx 

T 

kS 

kS 

or 

d2  (T  -  T  ) 

g 

-  -  a2  (T 

-  T  )  = 

g 

0  (V-8) 

.  2 
dx 

where 

2 

a  = 

(h  +  h  )b 
c  r 

kS 

and 

0  = 

h  b 

(T 

kS  9 

-  V 

Boundary 

conditions  that 

apply  for 

the  solution  of  equation 

(V-8)  are: 

(1) 

T  -  T 

g 

^  X 

=  T 

=  0  s 

-  T 

g 

(2) 

d  (T  -  T  ) 

g 

=  0 

x=L 

dx 

The  general  solution  of  equation  (V-8)  is 

0 

T  -  T  =  A  cosh  ax  +  B  sinh  ax  -  — ^  (V-9) 

g  2 

^  a 

where  A  and  B  are  constants 

A  and  B  are  evaluated  by  substituting  the  two  boundary  con¬ 
ditions  into  equation  (V-9)  to  give  the  solution  for  the 
thermocouple  temperature  at  any  point  as: 
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d(^i  +  „ri) 
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(  T  -  T) 
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h  cosh  a  (L  -  x)  h 

( - £ - )  -  +  ( - ^ - )  ( V-10 ) 

h„  +  cosh  aL  h  +  h 

c  r  c  r 


At  the  thermocouple  tip,  x  =  L  and  T 
couple  correction  is  given  by: 


and  the  thermo- 


h 


( 


h  +  h 
c  r 


-)  (cosh 


(h  +  h  )  b  , 

- £—  L)"1 


kS 


+ 


+  h 


r 


(V-ll) 


Sample  calculations  to  determine  the  magnitude  of  the  thermo¬ 
couple  correction  are  made  for  the  following  temperature  and 
flow  conditions  which  are  representative  of  the  experimental 


temperatures 


T 


820°F  =  12  80°R 


900°F  =  136  0°R 


Flow  Rate 


=  12  lb. /hr. 


Composition  =  60  mole  %  n-butane  and  40  mole  %  air 

The  convection  heat  transfer  coefficient  is  given  by  the 


equation 


h  D 
c  o 


D  G  n  Arc 
0.615  (-2_)0*466 

M  * 


(V-12) 


By  substituting  the  values  of  the  fluid  properties,  flow  rate, 
and  thermocouple  size  into  equation  (V-12),  h  is  calculated 
as  65.6  BTU/hr.ft.^  °F. 
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The  radiant  heat  transfer  coefficient  is  given  by  equation 

( V-4 )  . 


At  the  thermocouple  tip. 


-9 


hr  =  1.713  x  10  "  e  (■ 


4  4 

T  -  T 

P_ s 

T  -  T 

P  s 


-) 


At  the  base  of  the  thermocouple,  h  =  0  as  T  =  T  . 

IT  2 

For  a  thermocouple  of  emissivity  equal  to  0.5,  the  radiant 
heat  transfer  coefficient  at  the  tip  is  7.8  BTU/hr.ft^  °F. 
Thus,  the  average  radiant  heat  transfer  coefficient  is  3.9 
BTU/hr . ft2  °F. 

To  allow  for  the  bare  tip  of  the  thermocouple,  McAdams (22) 

recommends  increasing  the  length  of  the  thermocouple  by  an 

amount  D  /4 . 
o 

Substituting  all  values  into  equation  (V-ll)  gives 


T  -  T 

_2 _ R  = 

T  -  T 
g  s 


0.131 


( V-13) 


,o. 


Solving  equation  (V-13)  gives  T^  =  912^F. 

Thus,  the  thermocouple  correction  is  12°F  as  the  gas  tempera¬ 
ture  is  912°F  and  the  thermocouple  reads  900°F.  This  is 
representative  of  the  experimental  temperature  conditions 
because,  in  most  cases,  there  is  only  about  a  60°F  difference 
between  the  wall  and  thermocouple  temperatures.  At  higher 
temperatures  the  radiant  heat  transfer  coefficient  becomes 
more  important  but  the  correction  is  still  accurate  because 
of  increased  convective  heat  transfer  coefficient. 


8 


o  si  iA 


jv  insibE^  love 


.1°  -  jJ.i/ixuTa  ' 


v  •  •  '  '  '•  ' 


Eavip  (  C~,r)  sups  >ini  89uXbv  XXb  pniiui  Ltadi/a 


T  -  T 

8 


T,  3svip  ( £ X - V )  noxisups  pnivIoS 


d  ai  noi^o'moo  alquooomisii J  9rii  i3uriT 
’OOP  ab 6 T3  siguooomsrii  ©di  &nB  l'  SX6  8 x  ©ii/i 


' 


xoi^soo  a  -  saw,  iB9d  insibB-i  ©fii  as^uiBTsqmsi 


XXxis  sx  noii09*3*xoo  ©di 

.insioil  tsoo  ^olensxi  deed  oviiosvnoo  bseseioni  3o 


APPENDIX  VI 


METHOD  OF  CALCULATION  OF  RESULTS 
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m  =  average  molecular  weight  of  feed  stream. 

P  =  reactor  pressure,  psia. 

R  =  gas  constant. 

T  =  absolute  temperature  of  reaction  gases  at  the 
entrance,  °R. 

uq  =  velocity  of  gas  at  entrance  to  reactor,  ft. /sec. 

w  =  weight  rate  of  flow  of  feed  stream,  lb. /hr. 

p  =  density  of  reaction  gases  at  the  entrance, 
lb. /ft? 

tq  =  residence  time  of  the  gases  in  the  reactor 
based  on  entrance  conditions,  sec. 

U  =  viscosity  of  gases  at  the  entrance,  lb. /ft. hr. 

For  each  product  sample,  calculations  are  carried  out 
for  mole  per  cent  of  each  component,  moles  per  mole  of  nitro¬ 
gen,  moles  formed  per  mole  of  oxygen  reacted,  and  moles  formed 
per  mole  of  n-butane  reacted.  Carbon,  hydrogen,  and  oxygen 
balances  are  determined  for  each  sample  along  with  per  cent 
oxygen  and  n-butane  reacted.  Detailed  calculations  are  given 
below. 

Component  Area 

Calculate  -  for  each  com- 

Relative  Response  Factor 

ponent  or  group  of  components  on  the  Ucon  column  and  find  the 
total 

Component  Area 
Relative  Response  Factor 
Subscript  UC  refers  to  the  Ucon  column. 
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VI-4 


100 


%  Component 


Component  Area 


UC 


x 


TOT 


UC 


Relative  Response  Factor 


Peaks  1,  2,  3,  and  5  on  the  chromatogram  of  the  Ucon 
column,  Figure  II-l,  are  for  groups  of  components  and  the 
other  three  chromatograph  columns  are  used  to  separate  these 
groups  into  individual  components.  Repeat  the  above  calcula¬ 
tions  for  each  of  the  other  three  columns. 
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Component  Area 
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Relative  Response  Factor 


Subscript  Si02  refers  to  the  Silica  Gel  Column. 
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%  Component 


Component  Area 


MS 
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TOT 


MS 


Relative  Response  Factor 


Subscript  MS  refers  to  the  Molecular  Sieve  Column. 


%  ComponentMS_c  = 


100 


Component  Area 
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TOT 


MS-C 


Relative  Response  Factor 


Subscript  MS-C  refers  to  the  Molecular  Sieve-Charcoal  Column. 

Calculate  percentages  of  ethane,  ethylene,  and  carbon 
dioxide  on  the  Silica  Gel  Column  by  combining  the  results  of 
the  Molecular  Sieve  and  Silica  Gel  Columns  as  outlined. 

%  Ethane  =  %  Ethane  on  Silica  Gel  Column 


%  Ethylene  =  %  Ethane  on  Silica  Gel  x 


%  Ethylene  on  Mol.  Sieve 
%  Ethane  on  Mol.  Sieve 


%  Carbon  Dioxide  =  %  (Ethylene  +  Carbon  Dioxide)  on  Silica 

Gel  -  %  Ethylene 
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%  C2 , 5  =  %  Ethane  +  %  Ethylene  +  %  Carbon  Dioxide  on 

Silica  Gel  Column 

The  percentages  of  the  individual  components  are 
related  to  the  appropriate  peak  on  the  Ucon  column  to  give 
the  overall  composition  of  the  product  analysis. 

Peak  1  on  the  Ucon  column  is  a  combination  of  hydrogen, 
oxygen,  nitrogen,  carbon  monoxide,  and  methane  and  the  com¬ 
ponents  are  separated  on  the  Molecular  Sieve-Charcoal  column. 
The  overall  composition  for  each  component  of  peak  1  is 
given  by 

Overall  %  Component  =  %  Component^  _c x  mole  fraction 

of  peak  1  on  Ucon  column 

Peak  2  on  the  Ucon  column  is  ethane,  carbon  dioxide, 
and  ethylene  and  the  overall  composition  is  given  by: 

%  Ethane  on  Silica  Gel  Column 
Overall  %  Ethane  =  - 

%  c2 ,  s 

x  mole  fraction  of  peak  2  on 

Ucon  Column. 

Similar  equations  apply  for  ethylene  and  carbon  dioxide. 

Peak  3  on  the  Ucon  column  represents  propane  and 
propylene  and  the  overall  compositions  are  calculated  by  the 
following  equations 

%  Propylene  on  Silica  Gel  Column 

Overall  %  Propylene  =  - 

%  C3's 

x  mole  fraction  of  peak  3  on  the 
Ucon  column 


-,[  '  -  >\  .  •  ’  r 
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where 

%  C^'s  =  %  Propane  +  %  Propylene  on  the  Silica  Gel 

Column . 

A  similar  equation  may  be  written  for  propane 
n- Butane,  1-butene,  and  2 -butene  are  combined  in  peak  5  on 
the  Ucon  column  and  may  be  separated  and  the  overall  composi¬ 
tion  calculated  by  equations  of  the  type 


Overall  %  n-Butane 


where 


%  n-Butane  on  Silica  Gel  Column 


%  C4's 

x  mole  fraction  of  peak  5  on  the 
Ucon  column. 


%  C^ ' s  =  %  n-Butane  +  %  1-Butene  +  %  2-Butene 

on  the  Silica  Gel  Column. 

The  total  analysis  has  now  been  calculated  for  the 
32  components  listed  in  Table  VII-1. 

The  following  calculations  are  made  to  determine 
carbon,  hydrogen,  and  oxygen  balances  and  percent  oxygen  and 
n-butane  reacted. 


Moles  component  Mole  %  component 


Mole  Nitrogen  Mole  %  Nitrogen 


Moles  component 


Carbon  Balance 


Mole  Nitrogen 


x  Number  of  carbon  atoms 
in  component 
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Hydrogen  Balance  = 


Moles  component  . 

_ _ _  Number  of  hydrogen 

atoms  in  component 


Mole  Nitrogen 


Oxygen  Balance  = 


Moles  component  ..  ,  - 

_ _ _  Number  of  oxygen  atoms 

in  component 


Mole  Nitrogen 


100  x  total  Carbon  Balance 


%  Carbon  Balance  = 


.  moles  n-Butane  ,  ,  , 

4  x  -  in  the  feed 


Mole  Nitrogen 

Similar  equations  apply  for  the  %  Hydrogen  Balance  and  % 


Oxygen  Balance. 


mole  Oxygen 


%  Oxygen  Reacted  =  1 0  0  ( ^-—--■^-£■9,2^.^-. 


m 


the  feed  -  »P}.eP  OflBffP. 


mole  Nitrogen 


m-°j-es  oxygen . .  feed 

mole  Nitrogen 


%  n-Butane  Reacted  = 


moles  n-Butane  .  ,  ,  ^  . 

m  the  feed 


moles  n-Butane 


100  (mo^-e  Nitrogen 


mole  Nitrogen  ^ 


moles  n-Butane 


in  the  feed 


mole  Nitrogen 


The  final  calculations  are  made  to  determine  the  moles  of 


each  component  formed  per  mole  of  oxygen  and  n-butane  reacted 


Moles  component  formed 


moles  component  formed 

mole  Nitrogen 


Mole  Oxygen  Reacted 


moles  Oxygen  Reacted 


mole  Nitrogen 
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Moles  component  formed 


Mole  n-Butane  Reacted 


moles  component  formed 
mole  Nitrogen 

moles  n-Butane  Reacted 
mole  Nitrogen 


The  computer  program  that  was  used  in  the  calculation 
of  all  the  results  described  here  and  presented  in  Appendix 
VII  follows. 
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FORTRAN  SOURCE  LIST 


PRODUCT  COMPOSITION 
ISN  SOURCE  STATEMENT 

0  SIBFTC  PRCOMP  NOL  I  ST , NODECK 

1  DIMENSION  UCMR (  23 )  ,  SC MR (  5 )  »  SMMR ( 2 ) *  SI  MR ( 7 ) *  ARB ( 32 )  ,  HYD ( 32 ) » 

1 X  Y  0 ( 3  2 ) ,UCAR( 23 )  , SCAR{ 5  )  , SMAR ( 2 ) »  S I AR ( 7 ) , UC { 2 3 ) , UCON ( 2 3 ) ,SC(5) , 
2S13XC(5 ) ,SH(2 ) , S 1 75 ( 2) ,SI (7 ) ,SIC(7) ,  S  I C2 ( 3 ) , S 1 02 ( 9 ) , PCNT ( 32 ) , 
3PMN2I32) , AR6MI32) ,HYDM(32) , XY0M(32) ,PM0R(32) ,PMCR(32) 

2  R E AC  (5,3)  (UCMR(I)  ,1  =  1,23)  » ( SCMR ( I  ) ,1  =  1,5) , ( SMMR ( I )  ,1  =  1,2) , 

I  ( SIMR(  I ) ,  1=  i,7  ) 

23  3  FORMAT (  I  X , 10F6. 3/ IX , 1 0F6 . 3 / 1 X , 3F6 . 3 / 1 X , 5F 6 . 3/ 1 X , 2F6 . 3/ 1 X , 7F6. 3 ) 

24  READ  (5,25)  (ARB( I) ,1  =  1,32) , ( H  YD ( I ) ,1  =  1,32) , (XYO(I ) ,1-1,32) 

41  25  FORMAT ( IX, 16F4. 1/1X, 16F4. 1/1X, 14F5.1/1X,14F5. 1/1X,4F5.1/ 

1  IX, 16F4.  1/1X,  I6F4. 1  ) 

C**  INITIAL  CONDITIONS 

42  NUM  =  1 

43  DO  70  K=  1,14 

44  NUM  =  NUM  +  1 

45  READ  (5,1)  A  I R , BUT , T EMP , M , PRS 

47  1  FORMAT (  1X»2F6.2,F8.2,I3,F6.2) 

50  TOT  W  =  AIR  +  BUT 

51  AIRM  =  AIR/28.855 

52  BUT  M  =  BUT/58.124 

53  TOT  =  AIRM  +  BUTM 

54  PCAIR  =  100. 0*A IRM/TOT 

55  PCU2  =  0.21  *PCA  I R 

56  PCN2  =  0 • 79*PCA  I R 

57  PCC4  =  100.0*BUTM/T0T 

60  RON  =  PC02/PCN2 

61  RNN  =  PCN2/PCN2 

62  RC4N  =  PCC4/PCN2 

63  X  A  I R  =  0.01*PCAIR 

64  XCC4  =  0.01*PCC4 

65  AVMW  =  28.855*XAIR  +  58.124*XCC4 

66  DNS  =  AVMW*PRS/ ( 10.  /31* ( 460.0  +  TEMP)) 

67  VEL  =  T0TW/(7.670*DNS) 

70  TIME  =  9.75/VEL 

71  VAIR  =  2.42*(0.  0175  +  0 .0000  19 *TEMP  ) 

72  VBUT  =  2 . 42* ( 0. 0063  +  0. 0000134*TEMP ) 

73  VISC  =  (5.372*XAIR*VAIR+7.624*XCC4*VBUT)/(5.372*XA1R+7.624*XCC4) 

74  REN  =  187.5*VEL*DNS/VI SC 

75  IREN  =  REN 

76  WRITE  (6,40)  NUM , M 

77  40  FORMAT { 1H1/1H2, 44X, 5HVI I  -  ,  I  3/ ////2 IX , 9HRUN  NO  =  ,13) 

100  WRITE  (6,41) 

101  41  FORMAT  (  1HJ,20X,  27  FIR  FACTOR  ENTRANCE  CONDITIONS  ) 

102  WRITE  (6,2)  A  I R  ,  BUT , T EMP , PR S , PC02 , PCN2 , PC C4 , RON , R NN , RC4N , DNS , Vb L , 
IT  IME, IREN 

103  2  FORMAT ( 1HJ ,20X, 6HAIR  =  ,F6.2,6H  LB/HR , 10X , 9HBUTANE  =  ,F6.2,6H  LB/H 

1R//21X , 14HTEMPERATURE  =  ,F8.2,7H  DEG  F  , //21X, 11HPRESSURE  =  ,F6.2, 
29H  LB/SO  IN,//2 1X,9H0XYGEN  =  ,F9.4,12H  NITROGEN  =  ,F9.4,10H  BUTANE 
3  =  *  F9 . 4 , 9H  MOL  PCN T / / 2  1 X  ,  9H0X Y/N  =  ,F9.4,12H  NIT/N  =  ,F9.h, 

4 1  OFi  BUT/N  =  ,  F  9 . 4 , 9Pi  MOL  S/MN2 //2 1  X  ,  2  5HDENS  I  T  Y  OF  GAS  MIXTURE  =  , 
5F 8 . 4 , 9H  LB/CU  FT  //21X,l5HGAS  VELOCITY  =  ,F6.2,7H  FT/ SEC  //21X, 
648HRES IDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  ,F6.2,4H  SEC  // 
721X,  18HREYN0LDS  NUMBER  =  ,18) 

104  100  READ  (5,4)  N 

106  NUM  =  NUM + 1 
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107 
1 10 

131 

132 

133 
13A 
135 
137 
140 

142 

143 

144 

145 
147 
150 

152 

153 

154 

155 
157 
160 

162 

163 

164 

165 
167 
170 

172 

173 

174 

175 

176 

177 
200 
201 
204 
207 
212 

213 

214 

215 

216 
217 
220 
221 

223 

224 

225 
230 


4  FORMAT! IX, 12) 

READ  ( 5,5  )  (UCAR (I), 1=1, 23), (SCAR( I  ) , 1  =  1 ,5) , ( SM AR ( I ) , 1  =  1,2) , 

1  ( SIAR(  I ) ,  1  =  1,7) 

5  FORMAT!  1X,8F8.3/1X, 8F8.3/1X, 7F8.3/1X,5F8.3/1X,2F8.3/1X,7F8.3) 
C  *  *  CALCULATIONS  ON  UCON  COLUMN 

sue  =  0.0 

DO  10  1=1,23 

UC (  I  )  =  UCAR!  I  ) /UCMR (  I  ) 

10  SUC  =  SUC+UC ( I ) 

DO  11  1=1,23 

11  UCON!  I)  =  100.0  *UC (  I  )  / SUC 

C**  CALCULATIONS  ON  MOLECULAR  SEIVE  TYPE  13X  +  CHARCOAL  COLUMN 
SSC  =  0.0 

DO  12  1=1,5 

SC!  I  )  =  SCAR!  I  ) / SCMR (  I  ) 

12  SSC  =  SSC+SC ! I ) 

DO  13  1=1,5 

13  S13XCU)  =  !  SC!  I  )/SSC)*UCON<  1 ) 

C « *  CALCULATIONS  ON  MOLECULAR  SEIVE  COLUMN  AT  175  DEG  C 

SSH  =  0.0 

DO  14  1=1,2 

SH (  I  )  =  SMAR! I ) /SMMR ( I ) 

14  SSH  =  SSH+SH ( I ) 

DO  15  1=1,2 

15  S 1 7 5 ( I  )  =  SH ( I ) /SSH 

C**  CALCULATIONS  ON  SILICA  GEL  COLUMN 
SSI  =  0.0 
DO  16  1=1,7 

SKI)  =  SIAR  (  I  )  /  S I  MR  (  I  ) 

16  SSI  =  SSI+SI ! I ) 

DO  17  1=1,7 

17  SIC!  I  )  =  SI ( I )/SSI 
S  I C  2 (  l)  =  $IC!1  ) 

SIC2I3)  =  SIC! 1  )*S175(2)/S175( 1) 

S IC2 (2  )  =  S IC(2 ) —  S I C 2 < 3) 

SC2  =  S I C  2 ( 1  )  +  S I C  2 ( 2 )  +  S I C  2 ( 3 ) 

SC  3  =  SIC! 3)+SIC<4) 

SC4  =  SIC(5)+SIC(6)+SIC(7) 

DO  13  1=1,9 

IF  (I.LE.3)  GOTO  19 

IF  (  I.LE.5)  GO  TO  20 

IF  !  I.EQ.6)  GO  TO  21 

S  1 02  (  I  )  =  (SIC!  1-2) /SC4KUC0N!  5) 

GO  TO  18 

19  S 102 ( I )  =  ( S IC2 ( I ) / SC2 ) *UCQN ( 2 ) 

GO  TO  18 

20  S  1 02 { I )  =  (SIC!  I-1)/SC3)*UC0N(3) 

GO  TO  18 

21  S 102! I )  =  UCON! 4) 

18  CONTINUE 

C**  PRODUCT  ANALYSIS  MOL  PERCENT 
SPCNT  =  0.0 
DO  22  1=1,32 
IF  (I.LE.5)  GO  TO  23 
IF  (  I  .LE.  14)  GO  TO  24 
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FORTRAN  SOURCE  LIST  PRCOMP 


PRODUCT  COMPOSITION 

ISN  SOURCE  STATEMENT 
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234 

235 

236 

237 
240 

242 

243 

244 

245 

246 

247 
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251 

252 

253 
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260 
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262 

263 
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265 
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271 
273 
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275 

276 

277 

300 

301 

303 

304 


305 

310 

312 

313 


PCNT { I )  =  UCON ( 1-9) 

GO  TO  22 

23  PCNT ( I )  =  S13XC ( I ) 

GO  TO  22 

24  PCNT (  I  )  =  S 1 02 (  1-5) 

22  SPCNT  =  SPCNT  +PCNT (  I  ) 

C  *  *  CARBON  HYDROGEN  OXYGEN  BALANCES 

SPMN2  =  0.0 
SARBM  =  0.0 
SHYDM  =  0.0 
SXYOM  =  0.0 
DO  26  1=1,32 

PMN2 ( I )  =  PCNT ( I ) /PCNT ( 3 ) 

ARBM { I )  =  PMN2 {  I  )*ARB(  I  ) 

HYDM ( I  )  =  PMN2 (  I ) *H YD {  I  ) 

X YOM (  I  )  =  PMN2 (  I  )*XYO( I  ) 

SPMN2  =  SPMN2+PMN2 (  I  ) 

SARBM  =  S ARBM+ARBM (  I  ) 

SHYDM  =  SH YDM  +  H YDM (  I  ) 

26  SXYOM  =  SX YOM  +  X  YOM (  I  ) 

X YOR  =  R0N-PMN2 ( 2 ) 

BUTR  =  RC4N-PMN 2 ( 12  ) 

PCOR  =  100.0*XYGR/RON 
PCBR  =  100.0*BUTR/RC4N 

PC ARB  =  100.0*SARBM/(4. 0*RC4N ) 

PCHYD  =  100.0*SHYDM/ ( 10.0*RC4N ) 

PCXYO  =  100.0*SXYOM/( 2.0* RON) 

C**  PRODUCT  SELECTI VITIES 
DO  27  1=1,32 
PMOR ( I )  =  PMN2I  I ) /X  YOR 

27  PMCR(I)  =  PMN2 (  I ) /B  UTR 
WRITE  (6,29)  NUM , M , N 

29  FORMAT ( 1H2,44X, 5HVI I  - , I  3 / / / / / 2 1 X , 9HRUN  NO  =  , 13, 2X,  12HSAMPLE  NO 
1  ,12) 

30  WR I TE ( 6 , 3  1  ) 

31  FORMAT ( 1HJ , 2 1 X, 60HPR0D  NO  MOL  PERCENT  MOLS/MOL  N2  MOLS/MOXY  R 
1M0LS/MBUT  R  ) 

DO  60  1=1,32 

32  FORMAT ( 1H  , 22X,  I  3 , 2 X , 4 { 2X , F 1 1 . 6 ) ) 

60  WRITE! 6,32) I ,PCNT( I ) ,PMN2 ( I ) ,PMOR ( I ) ,PMCR ( I ) 

WRI TE (6, 33) SPCNT, SPMN2, SARBM, PC ARB, SHYDM, PCHYD, SXYOM, PCXYO, 

1 PCOR , PCBR 

33  FORMAT ( 1HJ , 21X, 6HTQTALS,2 (2X,F 11 .6) //21X, 17HCARB0N  BALANCE  , 

1F11.6,  13H  LB  AT/M0LN2. ,F8.2»8H  PERCENT/2  1 X , 1 7HHYDR0GEN  BALANCE  , 
2F 1 1 . 6 , 1 3H  Lb  AT/M0LN2. ,F8.2,8H  PERCENT/ 2 1 X , 1 7H0X YGEN  BALANCE  , 

3F11.6,13H  LB  AT /MOL N2 . , F8 . 2 , 8H  PERCENT//2  IX, 1 7HPERCENT  02  REACT  , 
4F10.4,4X, 17HPERCENT  C4  REACT  ,F10.4) 

IF  (N.LE.4)  GO  TO  100 
70  CONTINUE 
CONTINUE 
END 
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EXPERIMENTAL  RESULTS 
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RUM  NO  =  10 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.40  LB/HR  BUTANE  =  7.14  LB/HR 

TEMPERATURE  =  732.00  DEG  F 

PRESSURE  =  33.50  LB/SQ  IN 


OXYGEN  = 

8.4783 

NITROGEN  = 

3  1.8946 

BUTANE  = 

59.6270 

MOL  PCNT 

OXY/N  = 

0.2658 

NIT/N 

1.0000 

8UT/N  = 

1.8695 

M0LS/MN2 

DENSITY  OF  GAS  MIXTURE  =  0.1937  LB/CU  FT 

GAS  VELOCITY  =  6.42  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.52  SEC 


REYNOLDS  NUMBER 
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UN  NO  = 

1C  SAMPLE 

NO  =  1 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MGLS/M8UT  R 

I 

0.732696 

0.024938 

0.101565 

0.045354 

2 

0.5961 72 

0.020291 

0.082641 

0.036904 

3 

2 9.381210 

1.000000 

4.072791 

1.818721 

4 

2.925015 

0.099554 

0.405462 

0.181061 

5 

3.083264 

0.104940 

0.427399 

0.190857 

6 

1.850644 

0.062987 

0.256534 

0.114556 

7 

1.843272 

0.062736 

0.255512 

0.114100 

8 

5 .510522 

0.187553 

0. 763863 

0.341106 

9 

0.429137 

0.014606 

0.059487 

0.026564 

10 

6.694667 

0.227855 

0.928008 

0.414406 

11 

0.149057 

0.005073 

0.020662 

0.009227 

12 

38. 7733C0 

1.319663 

5.374713 

2.400100 

13 

1.396482 

0.047530 

0.193579 

0.086443 

14 

1 .  100343 

0.037451 

0. 152528 

0.068112 

15 

1.0491  17 

0.035707 

0.145428 

0.064941 

16 

0.543126 

0.018485 

0.075288 

0.033620 

17 

0.079620 

0.002710 

0.011037 

0.004929 

18 

1.086613 

0.036983 

0. 150625 

0.067262 

19 

0.098265 

0.003344 

0.013621 

0.006083 

20 

0.083336 

0.002836 

0.011552 

0.005159 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.0361 35 

0.001230 

0.005009 

0.002237 

23 

0. 107147 

0.003647 

0.014853 

0.006632 

24 

0.000000 

0.000000 

0. 000000 

0.000000 

25 

0. 104862 

0.003569 

0.014536 

0.006491 

26 

1.526094 

0.051941 

0.211545 

0.094466 

27 

0.526915 

0.017934 

0.073040 

0.032617 

28 

0. 116176 

0.003954 

0.016104 

0.007191 

29 

0.093946 

0.003197 

0.013023 

0.005815 

30 

0.082874 

0.002821 

0.011488 

0.005130 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

O.COOOOO 

0.000000 

TOTALS 

99.999997 

3.403536 

ARBON 

BALANCE  7 

.414810  LB  AT/M0LN2.  99. 

15 

PERCENT 

YDROGEN 

BALANCE  17 

.736551  LB  AT/M0LN2.  94. 

87 

PERCENT 

XYGEN 

BALANCE  0 

.446684  LB  AT/M0L.N2.  84. 

02 

PERCENT 

PERCENT  02  REACT 


92 . 366  / 


PERCENT  C4  REACT 


29.4109 
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RUN  NO  =  1C  SAMPLE  NO  =  2 


PROD  NO 

MCL  PERCENT 

MOLS/MUL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.8432  12 

0.028931 

0.114723 

0.044943 

2 

0.397600 

0.013642 

0.054096 

0.021192 

3 

29. 145543 

1.000000 

3.965407 

1.553454 

4 

3.567761 

0. 122412 

0.485413 

0.190161 

5 

3.531474 

0.121167 

0.480476 

0. 188227 

6 

2.  164134 

0.074253 

0.294442 

0. 115348 

7 

1.948591 

0.066857 

0.2651  16 

0. 103860 

8 

5. 749314 

0.19/262 

0.782225 

0.306438 

9 

0.541823 

0.018590 

0.073718 

0.028879 

10 

7.231826 

0.248128 

0.983929 

0.385455 

11 

0. 136669 

0.004689 

0.018595 

0.007284 

12 

35.725823 

1 .225773 

4.860689 

1.904182 

13 

1.581162 

0.054251 

0.215126 

0.084276 

14 

1.242645 

0.042636 

0.  169068 

0.066233 

15 

0.976736 

0.033512 

0.132890 

0.052060 

16 

0.654283 

0.022449 

0.089019 

0.034873 

17 

0.084318 

0.002893 

0.011472 

0.004494 

18 

1.087391 

0.037309 

0. 147945 

0.057958 

19 

0. 10513  1 

0.003607 

0.014304 

0.005603 

20 

0.096659 

0.003316 

0.013151 

0.005152 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.050568 

0.001735 

0. 006880 

0.002695 

23 

0.082651 

0.002836 

0.011245 

0.004405 

24 

0.056034 

0.001923 

0.007624 

0.002987 

25 

0. 164028 

0.005628 

0.022317 

0.008743 

26 

1.857980 

0.063748 

0.252788 

0.099030 

27 

0.615599 

0.021122 

0.083756 

0.032811 

28 

0. 105978 

0.003636 

0.014419 

0.005649 

29 

0. 108638 

0.003727 

0.014781 

0.005790 

30 

0.100592 

0.003451 

0.013686 

0.005362 

31 

0.045846 

0.001573 

0.006238 

0.002444 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

3.431056 

CARBON 

BALANCE  7. 

278722  L8  AT/M0LN2.  97.34 

PERCENT 

HYDROGEN 

BALANCE  17. 

330080  LB  A  T/M0LN2 •  92.70 

PERCENT 

OXYGEN 

BALANCE  0. 

487641  LB  AT/M0LN2.  91.72 

PERCENT 

PERCENT  02  REACT 


94.8681 


PERCENT  C4  REACT 


34.4331 
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RUN  NC  = 

1C  SAMPLE  NO  =  3 

PROD  NO 

MOL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.909013 

0.031438 

0. 124370 

0.052641 

2 

0.377101 

0.013042 

0.051594 

0.021838 

3 

28.914184 

1.000000 

3.955998 

1.674431 

4 

3. 342482 

0.1 15600 

0.457314 

0. 193564 

5 

3.551983 

0.122846 

0.485977 

0.205697 

6 

2.261954 

0.078230 

0.309477 

0.130991 

7 

1.982184 

0.068554 

0.271200 

0. 114789 

8 

5.768368 

0.199500 

0.789220 

0.334048 

9 

0.562082 

0.019440 

0.076903 

0.032550 

10 

6.709097 

0.232035 

0.917929 

0.388526 

11 

0.153742 

0.005317 

0.021035 

0.008903 

12 

36. 787001 

1.272282 

5.033146 

2.130349 

13 

1.568994 

0.054264 

0.214668 

0.090861 

14 

1.297309 

0.044868 

0. 177496 

0.075128 

15 

0.773231 

0.026742 

0. 105792 

0.0447  78 

16 

0.597976 

0.020681 

0.081814 

0.034629 

17 

0.068690 

0.002383 

0.009425 

0.003989 

18 

1 .  1524  10 

0.039856 

0.157671 

0.066737 

19 

0.083160 

0.002876 

0.011378 

0.004816 

20 

0.086543 

0.002993 

0.011841 

0.005012 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.058809 

0.002034 

0.008046 

0.003406 

23 

0.080085 

0.002770 

0.010957 

0.004638 

24 

0.067288 

0.002327 

0.009206 

0.003897 

25 

0.131517 

0.004549 

0.017994 

0.007616 

26 

1.838276 

0.063577 

0.251510 

0.106455 

27 

0.537486 

0.018589 

0.0/3538 

0.031126 

28 

0.0960  34 

0.003321 

0.013139 

0.005561 

29 

0.097008 

0.003355 

0.013273 

0.005618 

30 

0.098355 

0.003402 

0.013457 

0.005696 

31 

0.047440 

0.001641 

0.006491 

0.002747 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999991 

3.458510 

CARBON 

BALANCE  7. 

421229  LB  AT/MGLN2.  99.24 

PERCENT 

HYDROGEN 

BALANCE  17. 

728071  LB  A  T/M0LN2 •  94.83 

PERCENT 

OXYGEN 

BALANCE  0. 

472595  LB  A T/M0LN2 .  88.89 

PERCENT 

PERCENT 

G2  REACT  95 

.0937  PERCENT  C4  REACT 

31.9453 
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RUN  NO  =  1C  SAMPLE  NO  =  4 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.973531 

0.034127 

0.135397 

0.053065 

2 

0.392798 

0.013770 

0. 054630 

0.021411 

3 

2 8.526563 

1.000000 

3.967416 

1.554926 

4 

3.523195 

0.123506 

0.489999 

0.192042 

5 

3.721398 

0.130454 

0.517564 

0.202846 

6 

2.3/2449 

0.083166 

0. 329955 

0.129317 

7 

1.926073 

0.067519 

0.267874 

0.  104986 

8 

6. 152494 

0.215676 

0.855676 

0.335360 

9 

0.704589 

0.024699 

0. 097993 

0.038406 

10 

7.079269 

0.248164 

0.984570 

0.385877 

11 

0.139092 

0.004876 

0.019345 

0.007582 

12 

34.984476 

1.226382 

4.865569 

1.906933 

13 

1.730651 

0.060668 

0.240695 

0.094334 

14 

1.404868 

0.049248 

0.195386 

0.076577 

15 

0.891466 

0.031250 

0.123983 

0.048592 

16 

0.688484 

0.024135 

0.095753 

0.037528 

17 

0.078623 

0.002756 

0.010935 

0.004286 

18 

1.064200 

0.037306 

0. 148007 

0.058007 

19 

0.094658 

0.003318 

0.013165 

0.005160 

20 

0.097083 

0.003403 

0.013502 

0.005292 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.064909 

0.002275 

0.00902  7 

0.003538 

23 

0.080110 

0.002808 

0.011142 

0.004367 

24 

0.062522 

0.002192 

0.008695 

0.003408 

25 

0. 150099 

0.005262 

0.020875 

0.008182 

26 

2.166763 

0.075956 

0.301349 

0.118106 

27 

0.566504 

0.019859 

0.078788 

0.030879 

28 

0.0968 17 

0.003394 

0.013465 

0.0052  77 

29 

0.098094 

0.003439 

0.013643 

0.005347 

30 

0.  104043 

0.003647 

0.014470 

0.005671 

31 

0.064187 

0.002250 

0.008927 

0.003499 

32 

0. COOOOO 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

3.505504 

CARBON 

BALANCE  7. 

420316  LB  AT/M0LN2.  99.23 

PERCENT 

HYDROGEN 

BALANCE  17. 

692138  LB  AT/M0LN2.  94.64 

PERCENT 

OXYGEN 

BALANCE  0. 

5G0982  LB  AT/M0LN2 •  94.23 

PERCENT 

PERCENT  02  REACT 


94.8200 


PERCENT  C4  REACT 


34.4005 
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RUN  NO  = 

1C  SAMPLE 

NO  =  5 

PROD  NO 

MOL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

1 . 040903 

0.036495 

0. 144975 

0.057619 

2 

0.401969 

0.014093 

0. 055985 

0.022251 

3 

28.522192 

1.000000 

3.972517 

1.578839 

4 

3.426980 

0.120151 

0.477303 

0.189700 

5 

3.646785 

0.127858 

0.507917 

0.201867 

6 

2.425811 

0.085050 

0.337862 

0.134280 

7 

1.921380 

0.067364 

0.267606 

0. 106358 

8 

5.927909 

0.207835 

0.825628 

0.328138 

9 

0.713686 

0.025022 

0.099401 

0.039506 

10 

7.036168 

0.246691 

0.9  79984 

0.389485 

11 

0.  155755 

0.005461 

0.021693 

0.008622 

12 

35.256945 

1.236123 

4.910520 

1.951640 

13 

1.720829 

0.060333 

0.239674 

0.095256 

14 

1.361742 

0.047743 

0. 189661 

0.075379 

15 

0.918975 

0.032220 

0.127993 

0.050870 

16 

0. 738271 

0.025884 

0. 102825 

0.040867 

17 

0.084303 

0.002956 

0.011742 

0.004667 

18 

1 .022632 

0.035854 

0. 142430 

0.056608 

19 

0.102970 

0.003610 

0.014341 

0.005700 

20 

0. 110648 

0.003879 

0.015411 

0.006125 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.073508 

0.002577 

0.010238 

0.004069 

23 

0.075873 

0.002660 

0.010567 

0.004200 

24 

0.068374 

0.002397 

0.009523 

0.003785 

25 

0.  152895 

0.005361 

0.021295 

0.008463 

26 

2.139743 

0.075020 

0.298019 

0. 118445 

27 

0.601537 

0.021090 

0.083781 

0.033298 

28 

0.091405 

0.003205 

0.012731 

0.005060 

29 

0.092260 

0.003235 

0.012850 

0.005107 

30 

0. 108934 

0.003819 

0.015172 

0.006030 

31 

0.058629 

0.002056 

0.008166 

0.003245 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999999 

3.506042 

CARBON 

BALANCE  7 

.440756  LB  AT/MGLN2.  99. 

50 

PERCENT 

H YCROGEN 

BALANCE  17 

.  767363  LB  A  T /M0LN2 •  95. 

04 

PERCENT 

OXYGEN 

BALANCE  0 

.499746  LB  AT/M0LN2.  94. 

00 

PERCENT 

PERCENT  02  REACT 


94.6983 


PERCENT  C4  REACT 


33.8795 
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RUN  NO  =  11 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.03  LB/HR  BUTANE  =  9. A3  LB/HR 

TEMPERATURE  =  705.00  DEG  F 

PRESSURb  =  53.50  LB/SQ  IN 

OXYGEN  =  6.3519  NITROGEN  =  23.8951  BUTANE  =  69.7530 

OXY/N  =  0.2658  NIT/N  =  1.0000  BUT/N  =  2.9L9I 

DENSITY  GF  GAS  MIXTURE  =  0.2109  LB/CU  FT 

GAS  VELOCITY  =  7.09  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.38  SEC 


MOL  PC. NT 
M0LS/MN2 


REYNOLCS  NUMBER 
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VII  - 


RUN  NO  = 

11  SAMPLE  NO  =  l 

PROD  NO 

MCL  PERCENT 

MOL  S/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.273427 

0.011661 

0.068819 

0.056885 

2 

2.259730 

0.096375 

0. 568755 

0.470126 

3 

23. AA7387 

1.000000 

5.901506 

4.8781  19 

4 

0.8A8583 

0.036191 

0.213581 

0.176544 

5 

0. 1930A2 

0.008233 

0.048587 

0.040161 

6 

0.2900A5 

0.012370 

0.073002 

0.060342 

7 

1.  101A25 

0.0A697A 

0.277219 

0.229146 

8 

2.051273 

0.087484 

0.516288 

0.426758 

9 

0.067390 

0.0028 7 A 

0.016962 

0.014020 

10 

0.717621 

0.030606 

0.180619 

0. 149298 

11 

0.202277 

0.008627 

0.050911 

0.042083 

12 

63.639A37 

2 . 7 1 A  1 38 

16.017500 

13.239888 

13 

1.128508 

0.0A8129 

0.284036 

0.234701 

1 A 

0.868631 

0.0370A6 

0.218627 

0.180715 

15 

0. A39023 

0.01872A 

0. 110498 

0.091337 

16 

0. 321A99 

0.013712 

0.080919 

0.066886 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.80A229 

0.034299 

0.202418 

0. 167316 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

C. 000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

2  A 

0.000000 

0.000000 

0. 000000 

0.000000 

25 

0.000000 

0.000000 

0.000000 

0.000000 

26 

0.907689 

0.038712 

0.228457 

0.188840 

27 

0.259959 

0.011087 

0.065430 

0.054083 

28 

0.088767 

0.003786 

0.022342 

0.018467 

29 

0.090061 

0.003841 

0.022667 

0.018737 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

59.999996 

A • 264867 

CARBON 

BALANCE  11. 

790731  LB  AT/M0LN2.  100. 

98 

PERCENT 

HYDROGEN 

BALANCE  29. 

030535  LB  AT/M0LN2.  99. 

45 

PERCENT 

OXYGEN 

BALANCE  0. 

AA70A9  LB  AT/M0LN2.  84. 

09 

PERCENT 

PERCENT 

CJ2  REACT  63 

.7448  PERCENT  CA  REACT 

7.0225 
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RUN  NO  = 

11  SAMPLE  NO  =  2 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT 

I 

0.713924 

0.031454 

0.  125612 

0.064501 

2 

0.349859 

0.015414 

0.061556 

0.031609 

3 

22.697209 

1.000000 

3.993473 

2.050616 

4 

1.833533 

0.080782 

0.32260 2 

0.165653 

5 

1.658758 

0.073082 

0.291851 

0.149863 

6 

1 .3306  14 

0.058625 

0.234116 

0.120216 

7 

1.048640 

0.046201 

0. 184504 

0.094741 

8 

4.011525 

0.1 76741 

0.705810 

0.362428 

9 

0.277879 

0.012243 

0.048892 

0.025105 

10 

3.419169 

0.150643 

0.601588 

0.308910 

11 

0.159068 

0.007008 

0.027987 

0.014371 

12 

55. 187729 

2.431476 

9.710036 

4.986024 

13 

1.242254 

0.054732 

0.218569 

0.112233 

14 

1.052349 

0.0463b5 

0.185156 

0.095076 

15 

0.605679 

0.026685 

0. 106567 

0.054721 

16 

0.344660 

0.015185 

0.060641 

0.031139 

17 

0.021282 

0.000938 

0.003744 

0.001923 

18 

1  .  106360 

0.048744 

0.  194659 

0.099956 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.034222 

0.001508 

0.006021 

0.003092 

23 

0.  108480 

0.004779 

0.019087 

0.009801 

24 

0.090035 

0.003967 

0.015841 

0.008134 

25 

0.170072 

0.007493 

0.029923 

0.015365 

26 

1 .775068 

0.0  78206 

0.312315 

0.  160371 

27 

0.475638 

0.020956 

0.083686 

0.0429  72 

28 

0. 124268 

0.005475 

0.021864 

0.01 122  7 

29 

0. 109766 

0.004836 

0.019313 

0.009917 

30 

0.051967 

0.002290 

0.009143 

0.004695 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

4.405828 

CARBGN 

BALANCE  11. 

609811  LB  A  T/M0LN2 •  99. 

43 

PERCENT 

HYDROGEN 

BALANCE  28. 

416213  LB  A T/M0LN2 .  97. 

34 

PERCENT 

OXYGEN 

BALANCE  0. 

422630  LB  A  T/M0LN2 •  79. 

49 

PERCENT 

PERCENT 

02  REACT  94 

.2013  PERCENT  C4  REACT 

16.7056 
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UN  NO  = 

11  SAMPLE 

NO  =  3 

PROD  NG 

MCL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.781695 

0.034875 

0.138513 

0.064043 

2 

0.314750 

0.014042 

0.055773 

0.025787 

3 

22.414251 

1.000000 

3.971716 

1.836368 

4 

1.986232 

0.088615 

0.351952 

0. 162729 

5 

1.937953 

0.086461 

0. 343398 

0. 158774 

6 

1.589601 

0.070919 

0.261671 

0.130234 

7 

0.880675 

0.039291 

0.156052 

0.07215 2 

8 

4.515036 

0.201436 

0.800046 

0.369911 

9 

0.305056 

0.013610 

0.054055 

0.024993 

10 

3.772422 

0.168305 

0.668458 

0.309069 

11 

0. 153060 

0.006829 

0.027122 

0.012540 

12 

53.224471 

2.374582 

9.431163 

4.360607 

13 

1.376716 

0.061421 

0. 243949 

0.112792 

14 

1.  124944 

0.050189 

0.199336 

0.092165 

13 

0.699313 

0.031199 

0. 123916 

0.057294 

16 

0.426154 

0.019013 

0.075513 

0.034914 

17 

0.028614 

0.001277 

0.005070 

0.002344 

18 

1.  169337 

0.052169 

0.207202 

0.095802 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.029154 

0.001301 

0.005166 

0.002389 

23 

0. 151434 

0.006756 

0.026834 

0.012407 

24 

0.1031  16 

0.004600 

0.018272 

0.008448 

25 

0.214101 

0.009552 

0.037938 

0.017541 

26 

1.999571 

0.089210 

0.354316 

0.163822 

27 

0.513531 

0.022911 

0.090996 

0.042073 

28 

0.111140 

0.004958 

0.019694 

0.009106 

29 

0.  108785 

0.004853 

0.019276 

0.006913 

30 

0.068894 

0.003074 

0.012208 

0.005644 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

4.461447 

AR80N 

BALANCE  11 

.602565  LB  A  T/M0LN2 •  99. 

37 

PERCENT 

YDROGEN 

BALANCE  28 

.378516  LB  AT/M0LN2.  97. 

22 

PERCENT 

XYGEN 

BALANCE  0 

.443578  LB  A T/M0LN2 •  83. 

43 

PERCENT 

PERCENT  0  2  REACT 


94.71  7 4 


PERCENT  C4  REACT 


18.6346 
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UN  NO  = 

11  SAMPLE  NO 

=  4 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  K 

1 

0.793488 

0.035377 

0. 140289 

0.061371 

2 

0.306223 

0.013653 

0.054140 

0.023684 

3 

22.429698 

1.000000 

3.965575 

1.734798 

4 

2.060998 

0.091887 

0.364385 

0. 159405 

5 

1.940272 

0.086505 

0.343040 

0.130068 

6 

1.509248 

0.067288 

0.266835 

0. 1 16731 

7 

0.854970 

0.038118 

0.151159 

0.066127 

8 

4.407927 

0.196522 

0.779322 

0.340926 

9 

0.389689 

0.017374 

0. 068897 

0.030140 

10 

4.264291 

0.  190118 

0.753927 

0.329816 

11 

0.1271 36 

0.005668 

0.022478 

0.009833 

12 

52.546028 

2.342699 

9.290148 

4.064109 

13 

1.429443 

0.063730 

0.252726 

0.110559 

14 

1.213489 

0.054102 

0.214545 

0.093856 

15 

0.760256 

0.033895 

0.134413 

0.058801 

16 

0.445995 

0.019884 

0.078852 

0.034495 

17 

0.029929 

0.001334 

0.005291 

0.002315 

18 

1.179072 

0.052567 

0.208460 

0.091194 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.026360 

0.001175 

0.004660 

0.002039 

23 

0.106621 

0.004754 

0.018851 

0.008246 

24 

0.073662 

0.003284 

0.013023 

0.005697 

25 

0.176851 

0.007885 

0.031267 

0.013678 

26 

2. 134383 

0.095159 

0.377359 

0.165081 

27 

0.519594 

0.023165 

0.091864 

0.040187 

28 

0.103015 

0.004593 

0.018213 

0.007968 

29 

0.099253 

0.004425 

0.017548 

0.007677 

30 

0.0721  17 

0.003215 

0.012750 

0.005578 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

59. 999996 

4.458374 

CARBON 

BALANCE 

1 1 . 547966 

LB  A  T/M0LN2 . 

98.90 

PERCENT 

HYDROGEN 

BALANCE 

28.209609 

LB  AT/M0LN2. 

96.64 

PERCENT 

OXYGEN 

BALANCE 

0. 448254 

LB  A  T/M0LN2 • 

84.31 

PERCENT 

PERCENT 

02  REACT 

94.8640 

PERCENT  C4 

REACT 

19.7468 
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RUN  NO  =  II  SAMPLE  NO  =  5 


PROD  NO 

MCL  PERCENT 

MOLS/MOl  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0. 866484 

0.039102 

0. 155447 

0.070863 

2 

0.316307 

0.0142  74 

0. 056745 

0.025868 

3 

22. 159377 

1.000000 

3.975375 

1.812245 

4 

2. 127681 

0.096017 

0.381704 

0.1 74007 

5 

2.092041 

0.094409 

0.375310 

0.171092 

6 

1.762700 

0.079546 

0.316227 

0. 144158 

7 

0.809973 

0.036552 

0. 145309 

0.066241 

8 

4.365414 

0.197001 

0.783152 

0.357014 

9 

0.340639 

0.015372 

0.061110 

0.027858 

10 

4.158683 

0.187671 

0.746065 

0.340107 

I  I 

0.  167771 

0.007571 

0.030098 

0.013721 

12 

52.458625 

2.367333 

9.411037 

4.290188 

13 

1.487994 

0.067150 

0. 266945 

0.121692 

14 

1 .  190967 

0.053746 

0.213659 

0.097400 

15 

0.730020 

0.032944 

0.130965 

0.059703 

16 

0.50  32  78 

0.022712 

0.090288 

0.041159 

17 

0.034260 

0.001546 

0.006146 

0.002802 

18 

1.222348 

0.055162 

0.219288 

0.099966 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.036756 

0.001659 

0.006594 

0.003006 

23 

0.105731 

0.004771 

0.018968 

0.008647 

24 

0.074614 

0.003367 

0.013386 

0.006102 

25 

0 . 156443 

0.007060 

0.028066 

0.012794 

26 

1.998214 

0.090175 

0. 358478 

0.163419 

27 

0.529332 

0.023887 

0. 094962 

0.043290 

28 

0.114661 

0.005174 

0.020570 

0.009377 

29 

C.  117066 

0.005283 

0.021002 

0.009574 

30 

0.072625 

0.003277 

0.013029 

0.005939 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996  4.5 

12762 

CARBON 

BALANCE 

11.709685 

LB  A  T/M0LN2 • 

100.28 

PERCENT 

HYCROGEN 

BALANCE 

28.616109 

LB  AT/M0LN2. 

98.03 

PERCENT 

OXYGEN 

BALANCE 

0.451483 

LB  AT/M0LN2. 

84.92 

PERCENT 

PERCENT 

02  REACT 

94.6302 

PERCENT  C4 

REACT 

18.9029 
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RUN  NO  =  12 


REACTOR  ENTRANCE  CONDITIONS 


AIR  = 


2.38  LB/HR 


BUTANE  =  11 


TEMPERATURE  =  704.00  DEG  F 


PRESSURE  =  53. BO  LB/SQ  IN 


OXYGEN  = 


6.2946  NITROGEN  =  23.6798 


CXY/N  = 


0.2658  NIT/N 


1.0000 


DENSITY  OF  GAS  MIXTURE  =  0.2114  LB/CU 


GAS  VELOCITY  = 


8.38  FT/SEC 


RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITI 


.20  LB/HR 


BUTANE  = 
BUT/N  = 
FT 

ONS 


70.0256 

2.9572 


1.16  SEC 


MOL  PCNT 
M0LS/MN2 


REYNOLDS  NUMBER 


7129 


SI  = 

.  .  on  I  J  0  AHT  )T  t  A 

\  J  Oi.ii  A  Tun  \  J  f.S  =  I  a 


1  1  1  I  u  •  \ 

i  -  1  A  •  ,  <  :  1 

.  I  . . \  J  C.12 

J  J  orui.  ' 

i 

^  \  .  ■  n  =■  :3,  n  T  l  .  o 

- 

M\,  i  SUV.  3 

=  \  7  . 

003  .1  =  \Tly  8<<)&.0 

=  Z  \  Y  X  3 

1  1 

J  \  j  J  A  ;  .  .  =  JlXl-l  A 

Y  1  1.  .•  j 

jjd\M  . .  =  rUOJJJV  t f  j 

.  .  .  iJrtAATWB  ZU  032Afl 

9S  \  =  >.-J6  i,  2 3 0 Z V3 X 


RUN  NO  =  12  SAMPLE  NO  =  I 


PRCD  NO 

MCL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0. 000000 

0.000000 

0.000000 

0.000000 

2 

4.742658 

0. 199591 

3.013522 

3.942011 

3 

23.761883 

1.000000 

15.098487 

19. 750448 

4 

0.204320 

0.008599 

0.  129827 

0. 169827 

5 

0.047675 

0.002006 

0.030293 

0.039626 

6 

0.060153 

0.002531 

0.038222 

0.049998 

7 

0.276102 

0.011620 

0. 175437 

0.229491 

8 

0.255650 

0.010759 

0. 162442 

0.212492 

9 

0.000000 

0.000000 

0.000000 

0.000000 

10 

0.093456 

0.003933 

0. 059383 

0.077679 

11 

0.222585 

0.009367 

0. 141432 

0.185009 

12 

69.065351 

2.906561 

43. 884665 

57.405873 

13 

0.273421 

0.011507 

0. 173734 

0.227263 

14 

0.139039 

0.005851 

0.088347 

0.115567 

15 

0.071059 

0.002990 

0.045151 

0.059063 

16 

0.060609 

0.002561 

0.038511 

0.050377 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.211190 

0.008888 

0.134192 

0.175538 

19 

0 . 0000  GO 

0.000000 

0.000000 

0.000000 

20 

C. 000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0.000000 

0.000000 

0.000000 

0.000000 

25 

0.000000 

0.000000 

0.000000 

0.000000 

26 

0.336995 

0.014182 

0.214129 

0.280104 

27 

0.177859 

0.007485 

0.113013 

0.147833 

28 

0.000000 

0.000000 

0.000000 

0.000000 

29 

0.000000 

0.000000 

0.000000 

0.000000 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

ICO. 000001 

4.208421 

CARBON 

BALANCE  11. 

834585  LB  AT/M0LN2.  100.05 

PERCENT 

HYDROGEN 

BALANCE  29. 

512999  LB  AT/M0LN2.  99.80 

PERCENT 

OXYGEN 

BALANCE  0. 

467116  LB  AT/M0LN2.  87.86 

PERCENT 

PERCENT  02  REACT 


24.9158 


PERCENT  C4  REACT 


1.7122 
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RUN  NO  =  12  SAMPLt  NO  =  2 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

M0LS/M8UT  R 

1 

0.412019 

0.018650 

0.089830 

0.053971 

2 

1.286009 

0.058210 

0.280379 

0.168457 

3 

22.092500 

1.000000 

4.816664 

2.893934 

4 

1.789935 

0.081020 

0. 390246 

0.234467 

5 

1. 392288 

0.063021 

0. 303550 

0.182378 

6 

0.868227 

0.039300 

0. 189293 

0.  113731 

7 

1.0363  73 

0.046911 

0.225953 

0.135756 

8 

3.072429 

0.139071 

0. 669859 

0.402463 

9 

0.190062 

0.008603 

0.041438 

0.024896 

10 

2.7L4280 

0. 122860 

0.591774 

0.355548 

11 

0.175372 

0.007938 

0.038235 

0.022972 

12 

57.697700 

2.611642 

12.57940 2 

7.557919 

13 

1.296767 

0.058697 

0.282725 

0.169866 

14 

1.083263 

0.049033 

0.236176 

0. 141899 

15 

0.675311 

0.030567 

0. 147233 

0.088460 

16 

0 .40000 1 

0.018106 

0.087209 

0.052397 

17 

0.025229 

0.001142 

0.005500 

0.003305 

18 

1.045496 

0.047324 

0.227942 

0. 136951 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.071553 

0.003239 

0.015600 

0.009373 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.068000 

0.0030/8 

0.014826 

0.008907 

24 

0.117711 

0.005328 

0.025664 

0.015419 

25 

0.125572 

0.005684 

0.027377 

0.016449 

26 

1 .683042 

0.076182 

0.366941 

0.220464 

27 

0.448735 

0.020312 

0.097834 

0.058781 

28 

0.087925 

0.003980 

0.019170 

0.011517 

29 

0. 107159 

0.004850 

0.023363 

0.014037 

30 

0.037046 

0.001677 

0.008077 

0.004853 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

4.526423 

CARBON 

BALANCE  12. 

149767  LB  A  T /M0LN2 •  102. 

71 

PERCENT 

HYDROGEN 

BALANCE  29. 

758449  LB  AT/M0LN2.  100. 

63 

PERCENT 

OXYGEN 

BALANCE  0. 

508349  LB  AT/M0LN2.  95. 

62 

PERCENT 

PERCENT  02  REACT 


78 . 1019 


PERCENT  C4  REACT 


11.688  1 
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RUN  NO  =  12  SAMPLE  NO  =  3 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0.652150 

0.029313 

0.  116252 

0.054968 

2 

C. 304163 

0.013672 

0.054220 

0.025637 

3 

22.2 47750 

1.000000 

3.965875 

1.875197 

4 

2.156781 

0.096944 

0. 384467 

0.181789 

5 

1.889175 

0.084915 

0.336764 

0.159233 

6 

1.496476 

0.067264 

0.286761 

0.126134 

7 

1.021577 

0.045918 

0. 182106 

0.086106 

8 

3.507366 

0. 157650 

0.625222 

0.295626 

9 

0.302840 

0.013612 

0.053984 

0.025525 

10 

3.741446 

0.168172 

0.666949 

0.315355 

11 

0.172045 

0.007733 

0. 030669 

0.014501 

12 

53.926657 

2.423915 

9.612945 

4.545319 

13 

1.419690 

0.063813 

0.253073 

0.119661 

14 

1.229t>53 

0.0552  71 

0.219197 

0. 103644 

15 

0. 749296 

0.033680 

0.133569 

0.063156 

16 

0.504740 

0.022687 

0.089975 

0.042543 

17 

0.041931 

0.001885 

0.007475 

0.003534 

18 

1.158143 

0.052057 

0.206450 

0.097616 

19 

0.033364 

0.001500 

0. 005947 

0.002812 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.073995 

0.003326 

0.013190 

0.006237 

22 

0.022708 

0.001021 

0.004048 

0.001914 

23 

0.095274 

0.004282 

0.016984 

0.008030 

24 

0.105692 

0.004751 

0.018841 

0.008908 

25 

0.189365 

0.008512 

0.033756 

0.015961 

26 

2.150284 

0.096652 

0.383309 

0.181241 

27 

0.547711 

0.024619 

0.097635 

0.046165 

28 

0.097255 

0.004371 

0.017337 

0.008197 

29 

0. 107725 

0.004842 

0.019203 

0.009080 

30 

0.054756 

0.002461 

0.009761 

0.004615 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.9999 

98  4 

.4948 

36 

CARBON 

BALANCE 

11.7811 

40 

LB 

AT/M0LN2. 

99.60 

PERCENT 

HYDROGEN 

BALANCE 

28.8100 

10 

LB 

AT/M0LN2. 

97.42 

PERCENT 

OXYGEN 

BALANCE 

0.4750 

37 

L8 

AT/M0LN2. 

89.35 

PERCENT 

94.8569  PERCENT  C4  REACT  18.0332 


PERCENT  02  REACT 
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VII  - 


RUN  NO  =  12  SAMP L E  NO  =  4 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N  2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.671201 

0.030165 

0.119681 

0.052578 

2 

0.306655 

0.013781 

0.054679 

0.024021 

3 

22.251236 

1.000000 

3.967604 

1.743020 

4 

2.181140 

0.098023 

0. 388918 

0.170857 

5 

1.971684 

0.088610 

0.351570 

0.154449 

6 

1.617711 

0.072702 

0.288453 

0. 126721 

7 

1.071498 

0.048155 

0. 191058 

0.083934 

8 

3.7587  17 

0.168922 

0.670214 

0.294434 

9 

0.301934 

0.013569 

0.053838 

0.023652 

10 

3.916935 

0.176032 

0.698426 

0.306828 

11 

0. 172975 

0.007774 

0.030843 

0.013550 

12 

53.035272 

2.383475 

9.456685 

4.1 54444 

13 

1.446256 

0.064997 

0.257881 

0.113290 

14 

1.246143 

0.056003 

0.222199 

0.097615 

15 

0.697013 

0.031325 

0. 124284 

0.054600 

16 

0.495668 

0.022276 

0.088382 

0.038827 

17 

0.039537 

0.001777 

0.007050 

0.003097 

18 

1.221928 

0.054915 

0.217881 

0.095718 

19 

0.029182 

0.001311 

0.005203 

0.002286 

20 

0.000000 

0.000000 

0. 000000 

O.OOUOOO 

21 

0.087630 

0.003938 

0.015625 

0.006864 

22 

0.024912 

0.001120 

0.004442 

0.001951 

23 

0.082163 

0.003693 

0.014650 

0.006436 

24 

0. 103440 

0.004649 

0.018444 

0.008103 

25 

0.194990 

0.008763 

0.034769 

0.015274 

26 

2. 156338 

0.096909 

0.384495 

0.  168914 

27 

0.595803 

0.026776 

0. 106237 

0.046671 

28 

0.114959 

0.005166 

0.020498 

0.009005 

29 

0. 109433 

0.004918 

0.019513 

0.008572 

30 

0.097652 

0.004389 

0.017412 

0.007649 

31 

0.000000 

0.000000 

0. 000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

4.494132 

CARBON  BALANCE 
HYCROGEN  BALANCE 
OXYGEN  BALANCE 


11.708173 
28. 6C6546 
0. 465673 


LB  A  T/M0LN2 • 
LB  A1/M0LN2. 
LB  AT/M0LN2. 


98.98  PERCENT 
96.74  PERCENT 
91.33  PERCENT 


PERCENT  02  REACT 


94.8155 


PERCENT  C4  REACT 


19.4007 
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RUN  NO  = 

12  SAMPLE 

NO  =  5 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MGLS/MOX Y  R 

MOLS/MBUT 

1 

0.670121 

0.030226 

0.  119937 

0.052753 

2 

0.306161 

0.013809 

0.054796 

0.024102 

3 

22.170543 

1.000000 

3.968043 

1.745310 

4 

2. 166407 

0.097716 

0.387740 

0.170544 

5 

1.958964 

0.088359 

0.350612 

0.154214 

6 

1.603628 

0.072331 

0.287014 

0.126241 

7 

1 .159686 

0.052308 

0.207559 

0.091293 

8 

3.626034 

0.163552 

0.648981 

0.285449 

9 

0.334742 

0.015098 

0.059911 

0.026352 

10 

3.998582 

0. 180356 

0.715659 

0.314776 

11 

0.1757  1 1 

0.00/925 

0.031448 

0.013832 

12 

52.859632 

2.384228 

9.460719 

4. 161216 

13 

1.4502  15 

0.065412 

0.259557 

0.114164 

14 

1.274749 

0.05/497 

0.228 152 

0.100351 

15 

0.790201 

0.035642 

0. 141429 

0.062206 

16 

0.520656 

0.023484 

0.093186 

0.040987 

17 

0.049201 

0.002219 

0.008806 

0.003873 

18 

1.206187 

0.054405 

0.215881 

0.094953 

19 

0.030694 

0.001384 

0.005494 

0.002416 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.111121 

0.005012 

0.019888 

0.008748 

22 

0.028515 

0.001286 

0.005103 

0.002245 

23 

0.095384 

0.004302 

0.017072 

0.007509 

24 

0.092036 

0.004151 

0.016472 

0.007245 

25 

0.181827 

0.008201 

0.032543 

0.014314 

26 

2.  127819 

0.095975 

0.380833 

0.167506 

27 

0.603637 

0.027227 

0.108038 

0.047520 

28 

0. 146824 

0.006622 

0.026278 

0.011558 

29 

0.127678 

0.005759 

0.022852 

0.010051 

30 

0.133051 

0.006001 

0.023813 

0.010474 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

4.510489 

CARBON 

BALANCE  11 

.  759534  LB  A T/M0LN2 .  99.41 

PERCENT 

HYDROGEN 

BALANCE  28 

.  709971  LB  A  T/M0LN2 •  97.09 

PERCENT 

OXYGEN 

BALANCE  0 

.501720  LB  A  T/M0LN2 •  94.37 

PERCENT 

PERCENT  02  REACT 


94.8050 


PERCENT  C4  REACT 


19.3753 
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RUN  NO  =  13 

REACTOR  ENTRANCE  C 
AIR  =  2.21  LB/HR 

TEMPERATURE  =  70 

PRESSURE  =  53.50 

OXYGEN  =  6.4688 

OXY/N  =  0.2658 

DENSITY  OF  GAS  MIX 
GAS  VELOCITY  =  7 

RESIDENCE  TIME  BAS 


ONDI T IONS 

BUTANE  =  10.00  LB/HR 

5.00  DEG  F 
L6/SQ  IN 

NITROGEN  =  24.3352  BUTANE  = 

NIT/N  =  1.0000  BUT/N  = 

TURE  =  0.2102  LB/CU  FT 

.57  FT/SEC 

ED  ON  ENTRANCE  CONDITIONS 


69. 1960 
2.8435 


1.29  SEC 


MOL  PCNT 
M0LS/MN2 


REYNOLDS  NUMBER 


6369 
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RUN  NC  = 

13  SAMPLE  NO  =  1 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

mols/mbut 

1 

0.076906 

0.003144 

0.012515 

0.014928 

2 

0.357130 

0.014600 

0.058116 

0.06932  1 

3 

24.461017 

l. 000000 

3.980530 

4.748009 

4 

0.648204 

0.026499 

0. 105482 

0.125820 

5 

0.152209 

0.006223 

0.024769 

0.029545 

6 

0.156189 

0.006365 

0.025417 

0.030317 

7 

4.054659 

0.165760 

0.659813 

0.787030 

8 

1.092721 

0.044672 

0.  1778  18 

0.212103 

9 

0.000000 

0.000000 

0.000000 

0.000000 

10 

0.548735 

0.022433 

0.089295 

0.106512 

11 

0.166149 

0.006792 

0.027037 

0.032250 

12 

64.401932 

2.632840 

10.480098 

12.500746 

13 

0.792782 

0.032410 

0. 129009 

0.  153883 

14 

0.684604 

0.027988 

0.111405 

0.132885 

15 

0.155801 

0.006369 

0.025353 

0.03024 2 

16 

0. 130845 

0.005349 

0.021292 

0.025398 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.518481 

0.021196 

0.084372 

0. 100640 

19 

0.000000 

0.000000 

0. 000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0. 000000 

0.000000 

23 

0.046920 

0.001918 

0. 007635 

0.009107 

24 

0.058734 

0.002401 

0.009558 

0.011401 

25 

0.083414 

0.003410 

0.013574 

0.016191 

26 

1.134133 

0.046365 

0.184557 

0.220141 

27 

0. 149964 

0.006131 

0.024404 

0.029109 

28 

0.059437 

0.002430 

0.009672 

0.011537 

29 

0.069038 

0.002822 

0.011235 

0.013401 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99. 999996 

4.088137 

CARBON 

BALANCE  11. 

277111  LB  AT/M0LN2.  99.15 

PERCENT 

HYDROGEN 

BALANCE  27. 

592282  LB  AT/MGLN2.  97.04 

PERCENT 

OXYGEN 

BALANCE  0. 

485611  LB  AT/M0LN2.  91.34 

PERCENT 

PERCENT 

02  REACT  94 

.5076  PERCENT  C4  REACT 

7.4070 
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RUN  NO  =  13  SAMPLE  NO  = 


PROD  NO 

MCL  PERCENT 

MOLS/MUL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.390859 

0.017115 

0.067414 

0.041914 

2 

0.272936 

0.011951 

0.047075 

0.029268 

3 

22.837739 

1.000000 

3.938998 

2.449004 

4 

1.683782 

0.073728 

0.290415 

0.180560 

5 

1. 330202 

0.058246 

0.229430 

0.142644 

6 

1.  150500 

0.050377 

0. 198435 

0.123374 

7 

2.226270 

0.097482 

0.383982 

0.238734 

8 

3.435767 

0.150443 

0.592593 

0.368434 

9 

0.247696 

0.010846 

0.042722 

0.02656 2 

10 

3.254292 

0.142496 

0.561292 

0.348974 

11 

0.  146104 

0.006397 

0.025200 

0.015667 

12 

55.612743 

2.435125 

9.591951 

5.963629 

13 

1.481450 

0.064869 

0.255517 

0.158863 

14 

1.  132418 

0.049585 

0. 195317 

0.121435 

15 

0.536392 

0.023487 

0.092516 

0.057520 

16 

0.426963 

0.018695 

0.073641 

0.045785 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.787640 

0.034489 

0. 135850 

0 • 0844b3 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0 .000000 

0.000000 

0.000000 

0.000000 

23 

0. 166665 

0.007298 

0.028746 

0.017872 

24 

0.221321 

0.009691 

0.038173 

0.023733 

25 

0.143169 

0.006269 

0.024693 

0.015353 

26 

1.828098 

0.080047 

0.315306 

0. 196036 

27 

0.389152 

0.017040 

0.067120 

0.041731 

28 

0.133374 

0.005840 

0.023004 

0.014302 

29 

0.123729 

0.005418 

0.021340 

0.013268 

30 

0.040742 

0.001784 

0.007027 

0.004369 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999995 

4.378717 

CARBON 

HYDROGEN 

OXYGEN 


BALANCE 

BALANCE 

BALANCE 


11.586579  LB 
28.197229  LB 
0.502652  L8 


AT/M0LN2 . 
AT/M0LN2. 
AT/M0LN2. 


101.87 

99.17 

94.55 


PERCENT 

PERCENT 

PERCENT 


PERCENT  02  REACT 


95.5041 


PERCENT  C4  REACT 


14.3603 
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RUIN!  NG  = 

13  SAMPLE  NO  =  3 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N 2 

MQLS/MOXY  R 

M0LS/M6UT  R 

1 

0.580780 

0.025108 

0.098572 

0.046004 

2 

0.256995 

O.OliliO 

0.043618 

0.020357 

3 

23.131645 

1.000000 

3.925992 

1.832274 

4 

2.000465 

0.086482 

0. 339527 

0.158458 

5 

1.873016 

0.080972 

0.317896 

0.148363 

6 

1.388140 

0.060010 

0.235600 

0. 109956 

7 

1.491144 

0 • 064463 

0.253083 

0.118115 

8 

3.731963 

0.161336 

0.633403 

0.295612 

9 

0.298879 

0.012921 

0.050727 

0.023674 

10 

3.916528 

0.169315 

0.664728 

0.310231 

11 

0. 1439  15 

0.006222 

0.024426 

0.011400 

12 

53. 1492 19 

2.297684 

9.020691 

4.209988 

13 

1.523921 

0.065880 

0.258646 

0.120711 

14 

1.316236 

0.056902 

0.223397 

0.104260 

15 

0.501281 

0.021671 

0.085079 

0.039707 

16 

0.401672 

0.017365 

0.068173 

0.031817 

17 

0.029457 

0.001273 

0.005000 

0.002333 

18 

0.9834  19 

0.042514 

0.  166910 

0.077897 

19 

0.018128 

0.000784 

0.003077 

0.001436 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.016635 

0.000719 

0.002823 

0.001318 

23 

0. 127289 

0.005503 

0.021604 

0.010083 

24 

0. 157694 

0 • 0068 i 7 

0.026764 

0.01249  1 

25 

0.156597 

0.006770 

0.026578 

0.012404 

26 

1.830762 

0.079145 

0.310724 

0.145016 

27 

0.606706 

0.026228 

0. 102972 

0.048058 

28 

0.141203 

0.006104 

0.023965 

0.011185 

29 

C.  134014 

0.005794 

0.022745 

0.010615 

30 

0.092303 

0.003990 

0.015666 

0.007311 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999999 

4.323082 

CARBON 

BALANCE  11. 

239846  LB  AT/MULN2.  98.82 

PERCENT 

HYDROGEN 

BALANCE  27. 

381456  LB  A  T/M0LN2 •  96.30 

PERCENT 

OXYGEN 

BALANCE  0. 

459530  LB  AT/M0LN2.  86.44 

PERCENT 

PERCENT 

□2  REACT  95 

.8205  PERCENT  C4  REACT 

19. 1939 
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RUN  NO  = 

13  SAMPLE 

NO  =  4 

PROD  NO 

MCL  PERCENT 

MOLS/MGL  N2 

MOLS/MOX Y  R 

M0LS/M6UT  R 

1 

0.563696 

0.024318 

0.095515 

0.040027 

2 

0.260240 

0.011227 

0.044096 

0.018479 

3 

23. 180435 

1.000000 

3.927790 

1.646016 

4 

2.09820 2 

0.090516 

0.355528 

0.148991 

5 

1.981287 

0.085472 

0.335718 

0.140689 

6 

1.734403 

0.074822 

0.293884 

0.123158 

7 

1.282885 

0.055343 

0.217377 

0.091096 

8 

3.969867 

0.171259 

0.672671 

0.281896 

9 

0.293051 

0.012642 

0.049656 

0.020809 

10 

4.338288 

0.18/153 

0.735098 

0.308057 

11 

0.155581 

0.006712 

0.026362 

0.011048 

12 

51.829753 

2.235927 

8. 782251 

3.680371 

13 

1.524149 

0.065752 

0.258258 

0. 108228 

14 

1.353504 

0.058390 

0.229343 

0.09611  1 

15 

0.516688 

0.022290 

0.087550 

0.036689 

16 

0.432612 

0.018663 

0.073304 

0.030719 

17 

0.041453 

0.001788 

0.007024 

0.002944 

18 

1.060779 

0.045762 

0.179743 

0.075325 

19 

0.020488 

0.000884 

0.003472 

0.001455 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.012609 

0.000544 

0.002137 

0.000895 

23 

0.095057 

0.004101 

0.016107 

0.006750 

24 

0. 131474 

0.005672 

0.022277 

0.009336 

25 

0.  141903 

0.006122 

0.024045 

0.010076 

26 

1.964332 

0.084741 

0.332845 

0.139485 

27 

0.652473 

0.028148 

0. 110558 

0.046331 

28 

0.  129969 

0.005607 

0.022022 

0.009229 

29 

0.128138 

0.005528 

0.021712 

0.009099 

30 

0.106690 

0.0046U3 

0.018078 

0.007576 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

4.313983 

CARBON 

BALANCE  11 

.  107843  LB  A  T/M0LN2 .  97. 

66 

PERCENT 

HVCROGEN 

BALANCE  27 

.057410  LB  AT/M0LN2.  95. 

16 

PERCENT 

OXYGEN 

BALANCE  0 

.454891  LB  AT/M0LN2.  85. 

56 

PERCENT 

PERCENT  02  REACT 


95.7766 


PERCENT  C4  REACT 


21.3658 
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RUN  NO  =  13  SAMPLE  NO  =  5 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  K 

MOLS/MBUr  R 

1 

0.572717 

0.025036 

0.098447 

0.045240 

2 

0. 263450 

0.011516 

0.045286 

0.020811 

3 

22.875957 

1.000000 

3.932265 

1.807024 

4 

2.026782 

0.088599 

0.348394 

0. 160100 

5 

1.9355  72 

0.084612 

0.332715 

0.  152895 

6 

1.564093 

0.068373 

0.268860 

0.123551 

7 

1.254136 

0.054823 

0.215580 

0.099067 

8 

3.890360 

0.170063 

0.668734 

0.307308 

9 

0.318443 

0.013920 

0.054739 

0.025155 

10 

4.362285 

0.190693 

0.749856 

0. 344587 

11 

0.139987 

0.006119 

0.024063 

0.011058 

12 

52.387273 

2. 290058 

9.005117 

4.138191 

13 

1.572169 

0.068726 

0.270248 

0.  124189 

14 

1.4071 17 

0.061511 

0.241877 

0.111151 

15 

0.570156 

0.024924 

0.098007 

0.045038 

16 

0.461886 

0.020191 

0.079396 

0.036485 

17 

0.040473 

0.001769 

0.006957 

0.003197 

18 

1.090903 

0.047688 

0.187521 

0.086173 

19 

0.034425 

0.001505 

0.00591a 

0.002719 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0. OOCOOO 

0.000000 

0.000000 

0.000000 

22 

0.029387 

0.001285 

0.005052 

0.002321 

23 

0.094640 

0.004137 

0.016268 

0.007476 

24 

0.111892 

0.004891 

0.019234 

0.008839 

25 

0.  137658 

0.006018 

0. 023663 

0.010874 

26 

1.892156 

0.082714 

0.325252 

0.149466 

27 

0.628898 

0.027492 

0. 108104 

0.049678 

28 

0.120523 

0.005269 

0.020717 

0.009520 

29 

0.  103674 

0.004532 

0.017821 

0.008189 

30 

0.  112994 

0.004939 

0.019423 

0.008926 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0. OOCOOO 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

4.371401 

CARBON 

BALANCE  11. 

351267  LB  AT/M0LN2.  99. 

80 

PERCENT 

HYDROGEN 

BALANCE  27. 

643369  LB  AT/M0LN2.  97. 

22 

PERCENT 

OXYGEN 

BALANCE  0. 

454072  LB  AT/M0LN2.  85. 

41 

PERCENT 

PERCENT  02  REACT 


95.6676 


PERCENT  C4  REACT 


19.4621 
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RUN  NO  =  14 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.21  LB/HR  BUTANE  =  10.00  LB/HR 

TEMPERATURE  =  696.00  DEG  E 

PRESSURE  =  53.50  LB/SQ  IN 

OXYGEN  =  6.4688  NITROGEN  =  24.3352  BUTANE  =  69.1960 

OXY/N  =  0.2658  NIT/N  =  1.0000  BUT/N  =  2.8435 

DENSITY  OF  GAS  MIXTURE  =  0.2118  LB/CU  FT 

GAS  VELOCITY  =  7.52  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.30  SEC 

REYNOLDS  NUMBER  =  6413 


MOL  PCNT 
M0LS/MN2 
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RUN  NO  =  14  SAMPLE  NO  =  1 


PROD  NO 

MOL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.000000 

0.000000 

0.000000 

0.000000 

2 

5.731194 

0.235131 

7.661109 

5.460367 

3 

24.374446 

1.000000 

32.582269 

23.222635 

4 

0. 176667 

0.007248 

0.236157 

0.168318 

•  5 

0.000000 

0.000000 

0.000000 

0.000000 

6 

0.021047 

0.000863 

0.028134 

0.020052 

7 

0.168318 

0.006906 

0. 224997 

0. 160364 

8 

0.089449 

0.003670 

0.119570 

0.085222 

9 

0.000000 

0.000000 

0.000000 

0.000000 

10 

0.078001 

0.003200 

0.104267 

0.074315 

1 1 

0.2141  17 

0.008784 

0.286219 

0.203999 

12 

68.258021 

2.800393 

91.243146 

65.032497 

13 

0. 192109 

0.007882 

0.256799 

0.183031 

14 

0. 183272 

0.007519 

0.244987 

0. 174612 

15 

0.000000 

0.000000 

0.000000 

0.000000 

16 

0.000000 

0.000000 

0.000000 

0.000000 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.181756 

0.007457 

0.242960 

0.173167 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0.000000 

0  .000000 

0.000000 

0.000000 

25 

0.000000 

0.000000 

0.000000 

0.000000 

26 

0.  199365 

0.008179 

0.266499 

0. 189944 

27 

0. 132237 

0.005425 

0. 176766 

0. 125988 

28 

0.000000 

0.000000 

0.000000 

0.000000 

29 

0.000000 

0.000000 

0.000000 

0.000000 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999995 

4.102657 

CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  BALANCE 


11.356895  LB  AT/MOLN2. 
28.332774  LB  AT/MOLN2. 
0.512383  LB  AT/M0LN2. 


99.85  PERCENT 
99.64  PERCENT 
96.38  PERCENT 


PERCENT  02  REACT 


11 . 5459 


PERCENT  C4  REACT 


1.5144 
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RUN  NO  =  14  SAMPLE  NO  =  2 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.310393 

0.013376 

0.055399 

0.031926 

2 

0.565659 

0.024376 

0. 100959 

0.058182 

3 

23.205304 

l  .000000 

4.141704 

2.386841 

4 

1.565162 

0.067448 

0.279352 

0. 160989 

5 

0.932799 

0.040198 

0. 166487 

0.095945 

6 

0.715716 

0.030843 

0.127742 

0.073617 

7 

1.402343 

0.060432 

0.250291 

0.144242 

8 

3.2496  74 

0. 140040 

0.580005 

0.334254 

9 

0.  1780  18 

0.007671 

0.031773 

0.01831  1 

10 

2.230361 

0.096114 

0.398077 

0.229410 

11 

0. 183288 

0.007899 

0.032713 

0.018853 

12 

56.261038 

2.424490 

10.041523 

5.786874 

13 

1.547085 

0.066669 

0.276125 

0.159129 

14 

1.343390 

0.057892 

0.239770 

0.138178 

15 

0.934285 

0.040262 

0. 166752 

0.096098 

16 

0.582632 

0.025108 

0. 103989 

0.059928 

17 

0.019475 

0.000839 

0.003476 

0.002003 

18 

1.284700 

0.055362 

0.229294 

0.132141 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.054558 

0.002351 

0.009738 

0.005612 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.086906 

0.003745 

0.015511 

0.008939 

24 

0.100459 

0.004329 

0.017930 

0.010333 

25 

0.  1580  11 

0.006809 

0.028202 

0.016253 

26 

1.848437 

0.079656 

0.329911 

0.190126 

27 

0.744098 

0.032066 

0. 132807 

0.076536 

28 

0. 199484 

0.008596 

0.035604 

0.020518 

29 

0.179968 

0.007755 

0.032121 

0.018511 

30 

0.083765 

0.003610 

0.014950 

0.008616 

31 

0.032996 

0.001422 

0.005889 

0.003394 

32 

0.000000 

0.000000 

0. 000000 

0.000000 

TOTALS 

99.999997 

4.309359 

CARBON 

BALANCE  11. 

447015  LB  AT 

/M0LN2 •  100.64 

PERCENT 

HYDROGEN 

BALANCE  27. 

937884  LB  A  T/MGLN2 •  98.25 

PERCENT 

OXYGEN 

BALANCE  0. 

505786  L8  A  T/M0LN2 •  95.14 

PERCENT 

PERCENT 

02  REACT  90 

.8299  PERCENT  C4  REACT 

14.7343 
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RUN  NO  = 

14  SAMPLE 

NO  =  3 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MCJL S/MBUT  K 

1 

0.493873 

0.021541 

0.085233 

0.039375 

2 

0 . 300268 

0.013096 

0.051820 

0.023940 

3 

22.927525 

1.000000 

3.956848 

1.827950 

4 

2.045653 

0.089223 

0.353040 

0.163094 

5 

1.627989 

0.071006 

0.280960 

0.129795 

6 

1.381884 

0.060272 

0.238487 

0.110174 

7 

1.483009 

0.064682 

0.255939 

0. 118236 

8 

3.823028 

0.  166744 

0.659781 

0.304800 

9 

0.270943 

0.011817 

0.046760 

0.021602 

10 

3.5591  1 1 

0.155233 

0.614234 

0.283758 

11 

0.170500 

0.007436 

0.029425 

0.013594 

12 

52.6506  13 

2.296393 

9.086480 

4.197692 

13 

1.647656 

0.071864 

0.284354 

0.131363 

14 

1.523220 

0.066436 

0.262878 

0.121442 

15 

0.894387 

0.039009 

0.154354 

0.071307 

16 

0.567182 

0.024738 

0.097885 

0.045220 

17 

0.041323 

0.001802 

0.007132 

0.003295 

18 

1.114431 

0.048607 

0. 192329 

0.088851 

19 

0.021580 

0.000941 

0.003724 

0.001721 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.091559 

0.003993 

0.015801 

0.007300 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.080150 

0.003496 

0.013832 

0.006390 

24 

0.091936 

0.004010 

0.015866 

0.007330 

25 

0.  163039 

0.007111 

0.028137 

0.012999 

26 

1 . 7584  14 

0.076694 

0. 303468 

0. 140194 

27 

0.768689 

0.033527 

0.132661 

0.061286 

28 

0.179217 

0.007817 

0.030929 

0.014289 

29 

0. 172672 

0.007531 

0.029800 

0.013767 

30 

0.101068 

0.004408 

0.017442 

0.008058 

31 

0.049087 

0.002141 

0.008471 

0.003914 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

59.999999 

4.361570 

CARBON 

BALANCE  11 

.353991  LB  A T/M0LN2 •  99. 

83 

PERCENT 

HYDROGEN 

BALANCE  27 

.594059  LB  AT/M0LN2.  97. 

04 

PERCENT 

OXYGEN 

BALANCE  0 

.503869  LB  A  T/M0LN2 •  94. 

78 

PERCENT 

PERCENT  02  REACT 


95.0733 


PERCENT  C4  REACT 


19.2393 
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RUN  NO  = 

14  SAMPLE  NO  =  4 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0.586759 

0.025637 

0.101549 

0.041507 

2 

0. 3C5778 

0.013360 

0.052920 

0.021631 

3 

22.886861 

1.000000 

3.960987 

1.619018 

4 

2. 113164 

0.092331 

0.365721 

0.149485 

5 

1.837309 

0.080278 

0.317980 

0.129971 

6 

1.571595 

0.068668 

0.271993 

0.111175 

7 

1.515157 

0.066202 

0.262225 

0.107182 

8 

4.340865 

0.189666 

0.751265 

0.307073 

9 

0.294463 

0.012866 

0.050962 

0.020830 

10 

3.911202 

0.170893 

0.676905 

0.276679 

11 

0.166476 

0.007274 

0.028812 

0.011777 

12 

50.941475 

2.225796 

8.816347 

3.603602 

13 

1.607941 

0.070256 

0.278283 

0.113746 

14 

1.622759 

0.070904 

0.280848 

0. 114794 

15 

0.896223 

0.039159 

0.155108 

0.063399 

16 

0.606539 

0.026502 

0.104973 

0.042907 

17 

0.041640 

0.001819 

0.007207 

0.002946 

18 

1.030043 

0.045006 

0.178268 

0.072865 

19 

0.036088 

0.001577 

0. 006246 

0.002553 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0. 130228 

0.005690 

0.022538 

0.009212 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.085016 

0.003715 

0.014713 

0.006014 

24 

0.087558 

0.003826 

0.015153 

0.006194 

25 

0.161640 

0.007063 

0.027975 

0.011434 

26 

1.858836 

0.081218 

0.321705 

0. 131494 

27 

0.796177 

0.034788 

0. 137793 

0.056322 

28 

0.199602 

0.008721 

0.034545 

0.014120 

29 

0.173501 

0.007581 

0.030028 

0.012273 

30 

0. 136376 

0.005959 

0.023602 

0.009647 

31 

0.058738 

0.002566 

0.010166 

0.004155 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

59.999998 

4.369319 

CARBON 

BALANCE  11. 

232142  LB  A  T/M0LN2 •  98. 

75 

PERCENT 

HYDROGEN 

BALANCE  27. 

264462  LB  A T/M0LN2 •  95. 

89 

PERCENT 

OXYGEN 

BALANCE  0. 

517558  LB  AT/M0LN2.  97. 

35 

PERCENT 

PERCENT 

02  REACT  94 

.9739  PERCENT  C4  REACT 

21.7221 

;u  \2J 

y  >  \  J  i  S/  J'  »>•  \f  JO  T  -'0!  1  j  * 

. 

*H“  i  1  • 

X tcK  sO.O 

,  <?Md8tO0 

1 

i 

. 

0066 I O.o 

\  Y  8  .  0 

»  . .  i 

\800<n  .> 

.  00  .  i 

»  A  i  • 

1  '  T<?6£  .0 

it  6  o  .0 

Ac  r  i  i  .  s 

A 

\  .o 

N 

f\:  -  1 

.  ■  j  1 1 . 

l  \  >  . 

. 

<-  0  IN  c  .  J 

A  i  . 

. 

,  iS  *0.0 

x*  i  e  i  c  .1 

\ 

c  A  J  c  \  . 

<)  0  0 . 0  1  •  0 

c*<  0  A t  .  A 

.  •  . 

. o v  )t0. 

'  0  s  1 0 . 

f  ri  A  A  0  S  .  0 

. 

AN  . 

>.  V  0  N  i  .  0 

-  Ml'  .t 

01 

\  \  1  .  . 

1  k()  .  J 

AfSN'UO. 

•  \  A.  i  .0 

1  i 

so  88  ;<  .  * 

»  ti  f  rt  i  i  .  1 

H  \  cS  . 

•I  Y  . 

si 

5  •  \  v  1  i  .  ' 

c.  NS.) 

o  ;,N  .o 

!  A  Vr*\  i.l 

61 

8  A  -  j 

AO  A  0.0 

o<  vs<;«  .1 

A  J 

.  ■' 

U  i  f  f  J  .  / 

.  1 

f  A<)i  .0 

N  •  \  t-  . 

i  X V  AO  I  . 

,i  C  >  »<  .  v' 

06 '  .  0 

.  >  •  P  X 

N OSV uO.O 

i  I  Q(  .0 

A  tW  A  U  .  0 

X  i 

C  t  >\  0  .  ) 

N  i  . 

<‘  J  i  A  ij  .  J 

£  A  OOt  0 . 1 

81 

1  C  \  U  '•  •  . 

dAStO  . 

X  \  0  i  0  . 

Or  fO.i 

'Pi 

UOOUuO .  U 

oo  U. 

0  0  .0 

000000 .0 

OS 

S,  I  SO  J  . 

c  r  S  0  .  J 

/  .  . 

ssro  1  .0 

1  s 

o  o  t  j  o  u  • 

.  • 

.  U 

•  J  • 

-  j  ^  i'  j  ■  . 

IN 

:)  1  Of  0.0 

V*  1  • ,  u . 

i  1  ;  .  ■._*  . 

,  • 

8  c  cA  n)  .  0 

AS 

A  •  i  1  . 

c  ■'  '  . .  o 

t 00\ 00 . 0 

0  A  6 1  d  A  .  0 

a  a  i  c  i .  J 

\  J 

.  ■ . 

t  88c*  .  i 

s  .>  • 

V  i  . 

. 

XX  \  . 

\  s 

. 

C  <  A  C  0  •  0 

i  .  o  0.0 

s  cA  v  .  J 

8S 

. 

Si 

l  ,  N 00. D 

ioeev i .o 

V 

\  hUV.  .  ; 

oc  v/e 

OC 

<?  ,  j  AO  . 

00 J  0 iO  . 

N  <  >0-  . 

86  V8<*  .0 

16 

)  l )  0  0  0  • 

•u  ;IU  • 

ouooO.  . V 

000000.0 

se 

0  i  8c. 

V  OP*  \  .0? 

2 JA10T 

i  U>  » 

. 

\  I  A  1  S  A  i 

CS.il 

IA088AO 

1  1 J v  s 

(  .  . 

JOH\TA  60  SOA 

.  \  , 

W3308QYH 

1.  i..  ' 

f?l  .  \  0  .  V  LM  A  A 

\  i  <  .  0  IJI  AJAQ 

/I30YX0 

,  \  .  J 

IJA3M  AO 

ry  J'  ; •» 

. 

VII 


31 


RUN  NO  = 

1A  SAMPLE  NO  =  5 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.55A912 

0.024674 

0.097908 

0.0A2628 

2 

0.3105  19 

0.013807 

0.05A788 

0.02385A 

3 

22. A89A15 

1.000000 

3.968011 

1.7276A3 

4 

2.119A18 

0.09A2A1 

0.3739A8 

0 . 1628  l  A 

5 

1.851761 

0.082339 

0.326723 

0. 1A2253 

6 

1.677069 

0.07A571 

0.295900 

0.128833 

7 

1 .513080 

0.067280 

0.266966 

0.116235 

8 

A  .  3  1  58  3  A 

0.191905 

0. 761A82 

0.33 1 5 AA 

9 

0.362391 

0.0161 1A 

0.0639A0 

0.027839 

10 

A. 1 16231 

0. 183030 

0. 72626A 

0.316210 

1  1 

0. 16A893 

0.007332 

0. 02909A 

0.012667 

12 

50.930223 

2.26A631 

8. 986080 

3.912473 

13 

1 .631696 

0.07255A 

0.287895 

0. 1253A7 

1A 

1.5A2282 

0.068578 

0.272119 

0. 1 18A79 

15 

0.8901 12 

0.039579 

0.157051 

0.068379 

16 

0 • 5882 AO 

0.026156 

0. 103788 

0.0A5189 

17 

0 . 0380  A  7 

0.001692 

0.006713 

0.002923 

18 

0.999098 

0.044425 

0.176280 

0.076751 

19 

0.0A3900 

0.001952 

0.0077A6 

0.003372 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.128257 

0.005703 

0.022630 

0.009853 

22 

0.038725 

0.001722 

0.006833 

0.002975 

23 

0 . 07  36  2 A 

0.00327A 

0.012990 

0.005656 

2  A 

0.07027A 

0.003125 

0.012399 

0.005398 

25 

0.222560 

0.009896 

0.039268 

0.017097 

26 

1.9A35A2 

0.086A20 

0. 342917 

0.149303 

27 

0. 8A93A5 

0.037766 

0. 1A9858 

0.065247 

28 

0. 180372 

0.008020 

0.031825 

0.013856 

29 

0. 1719A2 

0.007645 

0.030337 

0.013209 

30 

0. 122180 

0.005A33 

0.021557 

0.009386 

31 

0.060063 

0.002671 

0.010598 

0.004614 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999995 

A • A A6536 

CARBON 

BALANCE  11. 

A67072  LB  AT/M0LN2.  100.82 

PERCENT 

HYDROGEN 

BALANCE  27. 

851597  LB  A T/M0LN2 •  97.95 

PERCENT 

OXYGEN 

BALANCE  0. 

530826  LB  AT/M0LN2.  99.85 

PERCENT 

PERCENT 

U2  REACT  9A 

.8058  PERCENT  CA  REACT 

20.3563 

jJMV  l  a  J 


1 

•  v  y.  i  \  ,  V  >  '1 

M90V39  JOM 

m  aoF9 

'it'i  . 

bOPTt  < .  > 

A  \  . 

<  .  v  ACC*  .0 

. 

\  ^  . 

U)  u  . 

. 

s 

£  A  \  S  \  .  J 

1  [  i  v  . 

•  i 

i  At  A.SS 

•* «.  • 

■  t 

l AS M  0 . 0 

l  At  i  1  . S 

A 

<  .  S  >  A  1  .  > 

t  S SOSt  .  > 

'  1 1  >  a  o .  o 

Uc  . 

• 

OQPe x \ . 

;  \  c  .  ) 

f  » 

c  v  S  I  i  . 

ddPd' 1  « 

.  \  <  • 

i  .  i 

T 

amC i :  t .  0 

3 I  C  . 

c  0  v  i  ■  i  -  c 

a£  8  c*  1  (  .  A 

P  8YS  .0 

0  A  V 1  £  k  *  • 

A  t  I  I  •  J  . 

i  P  i  •  C 

l  Sc  l  c  .  ) 

!c  i  . 

,  son. a 

Oi 

\  ■  o  Si  .  > 

a<  t’S  i 

c  \ 

t.  f  A  ol  .  0 

I  J 

t-  i  '  ♦ 

. 

J  AOS.* 

. 

SI 

N  A  i  .  J 

C  V  b  ^ 

.S'). 

o-  on  .i 

1 1 

'  *  i  i . 

c  I  J  S\  - 

\  <■  >  0  •  G 

SS  a  .  1 

Ai 

V  t  j  • 

I  A  >  \  c  1  . 

w-a  . 

S  I  1 0  .  0 

c  :  - 1  2  A  U  • 

1 

N  C  1  < '  ' 

Ai 

01 

V 

t  1  • 

s< 

\A0!  .0 

\  I 

j  >  ^  . 

M  . 

C  _»t-  A  *•  •  0 

cot  S  .0 

81 

\ 

d  A  N  V  0  U  .  0 

Set  i  00.  u 

OOPf  A  ‘.0 

. 

Hi 

• 

000000.0 

k 

. 

o  \  .  c;  . 

\ esc  i .o 

1 S 

C  \  V  S 

C  . 

i  \J  s  • 

esV8t  .o 

« 

I  J . 

>\ 

ASdf  \  )  .0 

• 

•  S  J  J  . 

C  *  i 

AV  SOTO • 0 

AS 

U  ON  10. 

.  S  P  i  0  «  1 

V  <'0.1. 

ooesss  •  o 

«s 

.  • 

^  ! 

) 3  •  o  H'.  0 

^AefAP.i 

\  a  s 

*  i  . 

\  \  . 

eA€PAd.O 

vs 

c.  »  ■  •  U 

c  -  ; 1  c . 

S  T  f.  0  H  1  . 

. 

\  t  • 

\0(  . 

St  pn  i  .o 

• 

S  c  <  1 

£  t  Ac 00 . 0 

0£ 

A  . 

lb* 

I  \ 

1^00  .0 

1C 

ooui-  jo  .  o 

♦ 

t  I  !)»  . 

V  00 1  .  (' 

SC 

i.  .  •  ■  ‘  a  .  A 

•  .  t  = 

2 JATOT 

l  .  '  ! 

\  .  \  v 


dc  . 


.  J  \  I  I  v>\  Sdt.ll 

\  i  .  \  c  K  \  S 

.  \ !  J  OC  e . 


T  JA  >  AO  T  y.  OH  :J S 


r 


jOi  A  JAf) 
ji  :  At  '  v  ’> 

30i  At  ri<  YX 

TJA3  SU  T  iOHJM 


VII 


32 


RUN  NO  =  15 

REACTOR  ENTRANCE  C 
AIR  =  2.21  LB/HR 

TEMPERATURE  =  72 

PRESSURE  =  53.50 

OXYGEN  =  6.4465 

OXY/N  =  0.2658 

DENSITY  OF  GAS  MIX 
GAS  VELOCITY  =  7 

RESIDENCE  TIME  BAS 


ONDI TIONS 

BUTANE  =  10.05  LB/HR 

7.00  DEG  F 
LB/SQ  IN 

NITROGEN  =  24.2513  BUTANE  = 

NIT/N  =  1.0000  BUT/N  = 

TURE  =  0.2064  LB/CU  FT 

.74  FT/SEC 

ED  ON  ENTRANCE  CONDITIONS 


69.3022 

2.8577 


1.26  SEC 


MOL  PCN 1 
M0LS/MN2 


REYNOLDS  NUMBER 


6294 


e  j 
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RUN  NO  = 

15  SAMPLE 

NO  =  1 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MGLS/MBUT  K 

1 

0.388593 

0.016143 

0.065561 

0.048531 

2 

0.471784 

0.019599 

0.079597 

0.058921 

3 

24.072331 

1.000000 

4.061339 

3.006387 

.  4 

1.614819 

0.067082 

0.272443 

0.201674 

5 

0.764592 

0.031762 

0. 128997 

0.095490 

6 

0.516442 

0.021454 

0.087131 

0.064498 

7 

1 .716841 

0.071320 

0.289655 

0.214416 

8 

1.361699 

0.056567 

0. 229738 

0.170062 

9 

0.066613 

0.002767 

0.011239 

0.008319 

10 

1.352354 

0.056179 

0.228161 

0. 168895 

11 

0.198535 

0.008247 

0.033496 

0.024795 

12 

60.783748 

2.525046 

10.255070 

7.591265 

13 

1.013881 

0.042118 

0. 171056 

0. 126623 

14 

0.862128 

0.035814 

0. 145453 

0.107671 

15 

0.625319 

0.02597  7 

0.105500 

0.078096 

16 

0.386740 

0.016066 

0.065248 

0.048300 

17 

0.024312 

0.001010 

0.004102 

0.003036 

18 

1.538500 

0.063912 

0.259566 

0.192143 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

C. 000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0. 000000 

0.000000 

23 

0.088504 

0.003677 

0.014932 

0.011053 

24 

0.059367 

0.002466 

0. 0100  lb 

0.007414 

25 

0.060426 

0.002510 

0.010195 

0.007547 

26 

1.2751  15 

0.052970 

0.215130 

0.159249 

27 

0.474964 

0.019731 

0.080133 

0.059318 

28 

0.113607 

0.004719 

0.019167 

0.014188 

29 

0.  109601 

0.004553 

0.018491 

0.013688 

30 

0.059191 

0.002459 

0.009986 

0.007392 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

4.154147 

CARSON 

BALANCE  11 

.243793  L8  AT/M0LN2.  98. 

36 

PERCENT 

HYCROGEN 

BALANCE  27 

.578981  LB  AT/M0LN2.  96. 

51 

PERCENT 

OXYGEN 

BALANCE  0 

.447958  LB  A  T/M0LN2 •  84. 

26 

PERCENT 

PERCENT  02  REACT 


92.6272 


PERCENT  C4  REACT 


11.6397 
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RUN  NO  =  15  SAMPLE  NO  =  2 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.5218  12 

0.022470 

0.089043 

0.062732 

2 

0.312753 

0.013468 

0.053369 

0.037599 

3 

23.222243 

1.000000 

3.96267 2 

2.791770 

.  4 

1.960460 

0.084422 

0.334535 

0.235686 

5 

1.247853 

0.053735 

0.212935 

0. 150016 

6 

0.815759 

0.035128 

0. 139202 

0.098070 

7 

1 . 3610  16 

0.058608 

0.232245 

0.163621 

8 

1.807704 

0.077844 

0.308469 

0.217321 

9 

0. 181137 

0.007800 

0.030909 

0.021776 

10 

2.071102 

0.089186 

0. 353415 

0.248987 

11 

0. 189007 

0.008139 

0.032252 

0.022722 

12 

58.043432 

2.499476 

9.904603 

6.977961 

13 

1.203777 

0.051837 

0.205414 

0. 144718 

14 

1.004416 

0.043252 

0.171395 

0. 120751 

15 

0.622518 

0.026807 

0. 106227 

0.074839 

16 

0.423009 

0.018216 

0.072183 

0.050854 

17 

0.029030 

0.001250 

0.004954 

0.003490 

18 

1.544939 

0.066528 

0.263630 

0.185732 

19 

0.000000 

0.000000 

0. 000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.089621 

0.003859 

0.015293 

0.010774 

24 

0.063400 

0.002730 

0.010819 

0.007622 

25 

0.089767 

0.003856 

0.015318 

0.010792 

26 

2.307044 

0.099346 

0. 393677 

0.277352 

27 

0.571237 

0.024599 

0.097477 

0.068674 

28 

0.125997 

0.005426 

0.021500 

0.015147 

29 

0. 1 13902 

0.004905 

0.019436 

0.013693 

30 

0.077071 

0.003319 

0.013152 

0.009265 

31 

0.000000 

0.000000 

0. 000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99. 999997 

4.306216 

CARBON 

BALANCE  11. 

451140  LB  A  T/M0LN2 •  100.18 

PERCENT 

HYCROGEN 

BALANCE  28. 

134477  LB  AT/M0LN2.  98.45 

PERCENT 

OXYGEN 

balance  0. 

488174  LB  AT/M0LN2.  91.82 

PERCENT 

PERCENT 

02  REACT  94 

.9335  PERCENT  C4  REACT 

12.5345 
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RUN  NO  = 

15  SAMPLE  NO  =  3 

PROD  NO 

MCL  PERCENT 

MOL S/ MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0.619201 

0.026847 

0.  106596 

0.071357 

2 

0.322058 

0.013964 

0.055443 

0.037114 

3 

23.063818 

1.000000 

3.970475 

2.657899 

•  4 

2. 1363  12 

0.092626 

0.367770 

0.246191 

5 

1.455040 

0.063088 

0.250488 

0. 167680 

6 

0.923828 

0.040055 

0.  159039 

0. 106463 

7 

1.096356 

0.047536 

0. 188740 

0.126345 

8 

2.051282 

0.088939 

0.353132 

0.236392 

9 

0.213425 

0.009254 

0.036741 

0.024595 

10 

2.264173 

0.098170 

0.389781 

0.260926 

11 

0.182477 

0.007912 

0.031414 

0.021029 

12 

57.231352 

2.481434 

9.852474 

6.595402 

13 

1.223687 

0.053057 

0.210660 

0.141019 

LA 

1.095728 

0.047509 

0. 188631 

0.126273 

15 

0.638820 

0.027698 

0. 109974 

0.073618 

16 

0.425030 

0.018428 

0.073170 

0.048981 

17 

0.0301  13 

0.001306 

0.005184 

0.003470 

18 

1.418607 

0.061508 

0.244216 

0.163482 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.023202 

0.001006 

0.003994 

0.002674 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.086283 

0.003741 

0.014854 

0.009943 

2A 

0.061104 

0.002649 

0.010519 

0.007042 

25 

0.113357 

0.004915 

0.019515 

0.013063 

26 

2.397758 

0.103962 

0.412778 

0.276320 

27 

0.586972 

0.025450 

0. 101048 

0.067643 

28 

0.  129243 

0.005604 

0.022249 

0.014894 

29 

0. 134054 

0.005812 

0.023078 

0.015449 

30 

0.076726 

0.003327 

0.013208 

0.008842 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

4.335795 

CARBON 

BALANCE  11. 

473919  LB  AT/M0LN2.  100. 

38 

PERCENT 

HYDROGEN 

BALANCE  28. 

204623  LB  AT/M0LN2.  98. 

70 

PERCENT 

OXYGEN 

BALANCE  0. 

478719  LB  AT/M0LN2.  90. 

04 

PERCENT 

PERCENT  02  REACT  94 

.7470  PERCENT  C4  REACT 

13.  1659 
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RUN  NG  = 

lb  SAMPLE  NO  =  4 

PROD  NU 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MGLS/MBUT 

1 

0. b67668 

0.024452 

0. 101903 

0.057323 

2 

0.600634 

0.025872 

0.  107821 

0.060652 

3 

23. 21 b8 91 

1.000000 

4.167516 

2.344346 

.  4 

2.119631 

0.091301 

0.380498 

0.214041 

5 

1.435266 

0.061823 

0.257647 

0.  144934 

6 

0.989031 

0.042601 

0.177542 

0.099873 

7 

1.12710b 

0.048549 

0.202328 

0.113815 

8 

2.125173 

0 . 09 1 540 

0.381493 

0.214600 

9 

0.254004 

0.010941 

0.045597 

0.025649 

10 

2.341065 

0.100839 

0.420248 

0.236401 

II 

0.182876 

0.007877 

0.032828 

0.018467 

12 

56.440460 

2.431113 

10. 131702 

5.699371 

13 

1.188500 

0.051193 

0.213349 

0.  120015 

14 

1.128141 

0.048593 

0.202514 

0.  113920 

lb 

0.633743 

0.027298 

0. 113764 

0.063996 

16 

0.400498 

0.017251 

0.071894 

0.040442 

17 

0.029138 

0.001255 

0.005231 

0.002942 

18 

1.472607 

0.063431 

0.264350 

0. 148704 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.059387 

0.002558 

0.010661 

0.005997 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.105036 

0.004524 

0.018855 

0.010607 

24 

0.060629 

0.002612 

0.010884 

0.006122 

2b 

0.  123790 

0.005332 

0.02222 2 

0.012500 

26 

2.451632 

0.105604 

0.440105 

0.247571 

27 

0.617646 

0.026604 

0.  110874 

0.062370 

28 

0.134895 

0.005810 

0.024215 

0.013622 

29 

0.  110367 

0.004754 

0.019812 

0.011145 

30 

0.08514b 

0.003668 

0.015284 

0.008598 

31 

O.OCCOOO 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

4.307394 

CARBON 

BALANCE  11. 

303897  LB  A  T/MGLN2 •  98.89 

PERCENT 

HYDROGEN 

BALANCE  27. 

775749  LB  AT/M0LN2.  97.20 

PERCENT 

OXYGEN 

BALANCE  0. 

507030  LB  AT/M0LN2.  95.37 

PERCENT 

PERCENT 

02  REACT  90 

.2673  PERCENT  C4  REACT 

14.9268 
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RUN  NO  =  15  SAMPLE  NO  =  5 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MULS/MBUT  R 

1 

0.639078 

0.0277  18 

0. 109850 

0.070209 

2 

0.311218 

0.013498 

0.053495 

0.034190 

3 

23.056520 

1.000000 

3.963147 

2.532970 

■  4 

2. 1 16281 

0.091787 

0.363764 

0.232493 

5 

1.532826 

0.066481 

0.263475 

0.168395 

6 

0.905387 

0.039268 

0.155625 

0.099465 

7 

1.040884 

0.045145 

0.178916 

0.114351 

8 

2.020269 

0.087622 

0. 347261 

0.221945 

9 

0.265283 

0.011506 

0.045599 

0.029144 

10 

2.350865 

0.101961 

0.404086 

0.258264 

11 

0.182361 

0.007909 

0.031346 

0.020034 

12 

56.785392 

2.462878 

9. 76074b 

6.238394 

13 

1.203388 

0.052193 

0.206848 

0.132203 

14 

1.102486 

0.047817 

0.189504 

0.121118 

15 

0.639297 

0.027727 

0. 109888 

0.070233 

16 

0.408100 

0.017700 

0.070148 

0.044834 

17 

0.027679 

0.001201 

0.004758 

0.003041 

18 

1.455885 

0.063144 

0.250250 

0.159942 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.069330 

0.003007 

0.011917 

0.007617 

22 

0.023629 

0.001025 

0.004062 

0.002596 

23 

0. 112503 

0.004879 

0.019338 

0.012360 

24 

0.071405 

0.003097 

0.012274 

0.007844 

25 

0.  163641 

0.007097 

0.028128 

0.017977 

26 

2.494317 

0.108183 

0.428744 

0.274024 

27 

0.673848 

0.029226 

0.115827 

0.074028 

28 

0.  139101 

0.006033 

0.023910 

0.015281 

29 

0.  121496 

0.005269 

0.020884 

0.013347 

30 

0.087540 

0.003797 

0.015047 

0.009617 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

4.337168 

CARBON 

BALANCE  11. 

446468  LB  AT/M0LN2.  100. 

14 

PERCENT 

HYDROGEN 

BALANCE  28. 

1 5 7o63  LB  AT/M0LN2.  98. 

53 

PERCENT 

OXYGEN 

BALANCE  0. 

485226  LB  A  T/M0LN2 •  91. 

27 

PERCENT 

PERCENT 

□2  REACT  94 

.9222  PERCENT  C4  REACT 

13.8152 

[):*  3J9MA2 


OH  H UH 


e  = 


1  J  ,  i  '■ 

Y  •  \.  )i 

J  \2J 

THj3>  jM  J3w. 

on  ao«^ 

^  Y  . 

i<  >11. 

-  j  Y  \, .  . 

Y  0 . 0 

i 

:  •.  i  .  ) 

A  £  <  0  .  • 

v  A  !  .0 

o I S 1  It* 

- 

\M(  t . 

DU.'l  .1 

0  S  <?  cV  .tS 

.0 

t  .  0 

\  \ J  0.0 

i  8  Sd  1  I  •  S 

c  •  1  . 

I 

dS8S£ r  .1 

•> 

c£«.U‘cI .0 

oSYlO.O 

Y  8  £  c*  0  V  .0 

d 

.  i  \  i  . 

A  i  r.  A  0  . 

A8  80A  ).  1 

8AV1SS  . 

irtYY^  .  J 

S 

SOSO . s 

♦>.  IOSO. 

.  c  <  f  . 

1 

i  .  •  0  .  ) 

sb<  s . 

ovO AUA . 

.(  A  I  I  .0 

e  HOc*f  .  s 

01 

. 

d  v  it  . 

>v>\ 

i  >£X  i  . " 

i  1 

i  i  i  . 

AY  .  Y 

Y 

. 

Si 

. 

i 

i  V  I  X  v  0 .  o 

8 8  £  f  .1 

£  I 

:  .. 

. 

Y  i  <  A  AO. 

dt  i  .  I 

A1 

it  V  .  ) 

Bvui. 

V.\U  . 

Y  SP  k  .0 

.  c*  1 

A .  a  - 

•  i  Y  0  . 

•JUY Y i  . 

.).  i°  :)*.(> 

dl 

i  v  l  <: 

c  Y  A,>0. 

1,0 

\  <YY  ... 

Y  1 

•  v  .  i  . 

. 

AA  1  t  OC  .  1 

*  o  8?c*^  .  1 

31 

;i  0  u  •  J 

L  V  D  00  . 

ouoo;  . 

.0 

PI 

.  J 

. 

•  loooo  . 

. 

. 

Y  I  ‘  1  i 

'  fcP<3.  .0 

is 

d  c  i0  . 

. 

,  I  . 

•  ,r>r\  1.0 

ss 

£  S  .< 

:•  i  ^  i  0  . 

\  ♦*00. 

; oesi I .0 

V  V  6  \  -  .  ‘ 

A'  i  . 

Y  c  )()  .  0 

v  0  V  I  Y  0 . 0 

AS 

Y  v  \  i  . 

.  ' 

Yi-OY  ■■:  . 

I  Adi  '  1  . 

. 

V ' Y  XA.U 

‘  i  . 

Y  I  €  At  ^ . S 

. 

Y  v3  i  1  . 

..  *  >  .0 

'j  A  Y  . 

YS 

i  ■  S  i  V/  .  J 

Ji  '.  J  . 

. 

11  1  .  C 

. 

i'  "  ■  0  i.  i  . 

'  .>S,  )i  . 

j  A  J  1  . 

\  . 

\  v  v ;  c  i  l  ■  . 

\  v'\  i  oO.O 

0A6Y  0.0 

■  r~.  . 

v  0  U 1  . 

0,;  <000.0 

00  00.'  . 

I  £ 

. 

0  )  .  . 

.:  ■ 

00 00 00.0 

S£ 

1UK*‘ 

YYO  VV  .  v  0 

2 JATJ7 

i  vi. 

i  1 1 


\  -t  V.  .  i  t 

i  \  \  .  > 

♦  ■ 


OHAJA8 

tiJi  A JA6  H30080YH 


1  )t  -  «  v.  1  J 


•  . 


1 


VI  I 


38 


RUN  NO  =  16 


REACTOR  ENTRANCE  CONDITIONS 


AIR  = 


2.63  LB/HR 


BUTANE  =  10.05  LB/HR 


TEMPERATURE  = 


702.00  DEG  F 


PRESSURE  =  53.50  LB/SQ  IN 


OXYGEN  = 


7.2488  NITROGEN  =  27.2692  BUTANE  = 


CXY/N  = 


0.2658  NIT/N 


1.0000  BUT/N  = 


DENSITY  OF  GAS  MIXTURE  =  0.2060  LB/CU  FT 


GAS  VELOCITY  =  8.02  FT/SEC 


RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS 


65.4820 

2.4013 


1.22  SEC 


MOL  PCNT 
M0LS/MN2 


REYNOLDS  NUMBER 


6467 
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RUN  NO  =  16  SAMPLE  NO  =  1 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MCLS/MBUT  R 

1 

0.379019 

0.014368 

0.065797 

0.039344 

2 

1.251567 

0.047446 

0.217269 

0.129920 

3 

26.378575 

1.000000 

4.579248 

2.738243 

.  4 

1.  100386 

0.041715 

0.191024 

0.114226 

5 

0.913347 

0.034625 

0. 158554 

0.094810 

6 

0.969532 

0.036755 

0. 168308 

0. 100643 

7 

3.625423 

0.137438 

0.629363 

0.376339 

8 

3.72585 2 

0.141245 

0.646798 

0.386764 

9 

0.160807 

0.006096 

0.027916 

0.016693 

10 

2.2021  10 

0.083481 

0.382280 

0.228591 

11 

0.  165091 

0.006259 

0.028659 

0.017137 

12 

53.709826 

2.036115 

9.323879 

5.575378 

13 

1 . 362603 

0.051656 

0.236544 

0. 141446 

14 

1.401233 

0.053120 

0.243250 

0. 145456 

15 

0.560005 

0.021230 

0.097215 

0.058132 

16 

0.486244 

0.018433 

0. 084411 

0.050475 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.577295 

0.021885 

0.100217 

0.059926 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0.  167039 

0.006332 

0.028997 

0.017340 

25 

0.137234 

0.005202 

0.023823 

0.014246 

26 

0.492086 

0.018655 

0.085425 

0.051081 

27 

0.  163673 

0.006205 

0.028413 

0.016990 

28 

0.000000 

0.000000 

0.000000 

0.000000 

29 

0.071056 

0.002694 

0.012335 

0.007376 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

3.790955 

CARBON 

BALANCE  9. 

576358  LB  AT/MQLN2.  99.70 

PERCENT 

HYDROGEN 

BALANCE  23. 

122969  LB  AT/M0LN2.  96.29 

PERCENT 

OXYGEN 

BALANCE  0. 

512120  LB  AT/MULN2.  96.33 

PERCENT 

PERCENT  02  REACT 


82.1511 


PERCENT  C4  REACT 


15.2083 
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RUN  NO  = 

16  SAMPLE 

NO  =  2 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MbUT  R 

1 

0.533148 

0.020972 

0.083103 

0.035481 

2 

0.342242 

0.013462 

0. 053346 

0.022776 

3 

25.421887 

1.000000 

3.962589 

1.691810 

4 

2. 144941 

0.084374 

0.334339 

0. 142744 

5 

1.918653 

0.075472 

0.299066 

0.127685 

6 

1.601077 

0.062980 

0.249565 

0.106551 

7 

2. 193674 

0.086291 

0.341935 

0.145988 

8 

5.334994 

0.209858 

0.831582 

0.355040 

9 

0.283512 

0.011152 

0.044192 

0.018868 

10 

4.782126 

0.188111 

0.745405 

0.318247 

11 

0. 144820 

0.005697 

0.022574 

0.009638 

12 

46.019466 

1.810230 

7.173197 

3.062565 

13 

1.929307 

0.075892 

0.300727 

0.128394 

14 

1.892007 

0.074424 

0.294913 

0. 125912 

15 

0.813339 

0.031994 

0.  126778 

0.054127 

16 

0.537658 

0.021149 

0.083806 

0.035781 

17 

0.041410 

0.001629 

0.006455 

0.002756 

18 

0.727041 

0.028599 

0. 113326 

0.048384 

19 

0.081038 

0.003188 

0.012632 

0.005393 

20 

0.091168 

0.003586 

0.014211 

0.006067 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.075973 

0.002989 

0.011842 

0.005056 

24 

0. 151675 

0.005966 

0.023642 

0.010094 

25 

0.179361 

0.007055 

0.027958 

0.011936 

26 

1.936554 

0.0761 77 

0.301857 

0.128876 

27 

0.436360 

0.017165 

0.068017 

0.029039 

28 

0.0630  15 

0.002479 

0.009822 

0.004194 

29 

0.138827 

0.005461 

0.021639 

0.009239 

30 

0. 118854 

0.004675 

0.018526 

0.007910 

31 

0.065879 

0.002591 

0.010269 

0.004384 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

3.933618 

CARBGN 

BALANCE  9 

.547896  LB  AT/MGLN2.  99.40 

PERCENT 

HYDROGEN 

BALANCE  22 

.947248  LB  AT/M0LN2.  95.56 

PERCENT 

OXYGEN 

BALANCE  0 

.493767  LB  AT/M0LN2.  92.88 

PERCENT 

PERCENT  02  REACT 


94.9355 


PERCENT  C4  REACT 


24.6150 
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RUN  NC  = 

16  SAMPLE  NO  =  3 

PROD  NO 

MCL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MULS/MBUT 

I 

0*650639 

0.026128 

0. 103593 

0.041503 

2 

0.338739 

0.013603 

0.053933 

0.021608 

3 

24.901860 

1.000000 

3.964795 

1.588453 

4 

2. 333754 

0.093718 

0.371573 

0.148867 

5 

2.404713 

0.096568 

0.382871 

0.153393 

6 

2.122934 

0.085252 

0.338007 

0.135419 

7 

1.999519 

0.080296 

0.318357 

0.127546 

8 

5.328977 

0.213999 

0.848463 

0.339928 

9 

0.369719 

0.014847 

0.058865 

0.023584 

10 

5.483425 

0.220201 

0.873054 

0.349780 

11 

0.  138691 

0.005570 

0.022082 

0.008847 

12 

44.120361 

1 .771770 

7.024704 

2.814372 

13 

1.885998 

0.075737 

0.300283 

0.120305 

14 

1.848847 

0.074245 

0.294368 

0.  117935 

15 

0. 833736 

0.033481 

0. 132745 

0.053183 

16 

0.553917 

0.022244 

0.088193 

0.035334 

17 

0.048090 

0.001931 

0.007657 

0.003068 

18 

0.765431 

0.030738 

0. 121870 

0.048826 

19 

0.079284 

0.003184 

0.012623 

0.005057 

20 

0.081315 

0.003265 

0.012947 

0.005187 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.046970 

0.001886 

0.007478 

0.002996 

23 

0. 114864 

0.004613 

0.018288 

0.007327 

24 

0.114785 

0.004609 

0.018276 

0.007322 

25 

0.234898 

0.009433 

0.037400 

0.014984 

26 

2.236230 

0.089802 

0. 356045 

0.142646 

27 

0.601489 

0.024154 

0.095767 

0.038368 

28 

0.076642 

0.003078 

0.012203 

0.004889 

29 

0.1281  17 

0.005145 

0.020398 

0.008172 

30 

0.088241 

0.003544 

0.014049 

0.005629 

31 

0.067823 

0.002724 

0.010798 

0.004326 

32 

0.000000 

0.000000 

0. 000000 

0.000000 

TOTALS 

99.999996 

4.015764 

CARBON 

BALANCE  9. 

612196  LB  AT/M0LN2.  100. 

07 

PERCENT 

HYDROGEN 

BALANCE  23. 

144500  LB  A  T/MGLN2 •  96. 

38 

PERCENT 

OXYGEN 

BALANCE  0. 

518345  LB  A  T/M0LN2 •  97. 

50 

PERCENT 

PERCENT 

02  REACT  94 

.8827  PERCENT  C4  REACT 

26.2166 
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RUN  NO  =  16  SAMPLE  NO  =  4 


PROD  NO 

MCL  PERCENT 

MGLS/MUL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.739491 

0.029628 

0. 117390 

0.045577 

2 

0.335236 

0.013431 

0.053217 

0.020662 

3 

24.959032 

1.000000 

3.962101 

1.538295 

4 

2.399985 

0.096157 

0.380984 

0.147918 

5 

2.431731 

0.097429 

0.386023 

0. 149874 

6 

2.167671 

0.086849 

0.344105 

0.133600 

7 

1.947811 

0.078040 

0.309204 

0.  120049 

8 

5.428972 

0.217515 

0.861818 

0.334603 

9 

0.383432 

0.015362 

0.060868 

0.023632 

10 

5.566929 

0.223043 

0.883718 

0.343105 

11 

0. 137047 

0.005491 

0. 021755 

0.008447 

12 

43. 709331 

1.751243 

6.938602 

2.693929 

13 

1.801901 

0.072194 

0.286041 

0.111056 

14 

1.876564 

0.075186 

0.297894 

0.115658 

15 

0.800540 

0.0320/4 

0.  127081 

0.049340 

16 

0.559036 

0.022398 

0.088744 

0.034455 

17 

0.046246 

0.001853 

0.007341 

0.002850 

18 

0.816348 

0.032708 

0. 129591 

0.050314 

19 

0.076637 

0.003071 

0.012166 

0.004723 

20 

0.080931 

0.003243 

0.012847 

0.004988 

21 

O.OCOOOO 

0.000000 

0.000000 

0.000000 

22 

0.050006 

0.002004 

0.007938 

0.003082 

23 

0.105210 

0.004215 

0.016702 

0.006484 

24 

0.096795 

0.003878 

0.015366 

0.005966 

25 

0.224505 

0.008995 

0.035639 

0.013837 

26 

2.202786 

0.088256 

0.349679 

0.135764 

27 

0.684703 

0.027433 

0.108693 

0.042200 

28 

0.076407 

0.003061 

0.012129 

0.004709 

29 

0.125998 

0.005048 

0.020001 

0.007766 

30 

0.093050 

0.003728 

0.014771 

0.005735 

31 

0.075676 

0.003032 

0.012013 

0.004664 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999999 

4 • 006566 

CARBON 

BALANCE  9. 

547601  LB  A  T/M0LN2 .  99.40 

PERCENT 

HYDROGEN 

BALANCE  22. 

989490  LB  AT/M0LN2.  95.74 

PERCENT 

OXYGEN 

BALANCE  0. 

517170  LB  A  T/M0LN2 •  97.28 

PERCENT 

PERCENT  02  REACT 


94.9472 


PERCENT  C4  REACT 


27.0714 
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RUN  NO  = 

16  SAMPLE  NO  =  5 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

M0LS/MBU1  R 

i 

0.774176 

0.031280 

0. 123770 

0.049406 

2 

0.324040 

0.013093 

0.051805 

0.020679 

3 

24.749496 

1.000000 

3.956792 

1.579438 

4 

2.356349 

0.095208 

0.376718 

0.150375 

5 

2.409525 

0.097357 

0.385219 

0.153769 

6 

2. 128768 

0.086013 

0.340334 

0.135851 

7 

1.896581 

0.076631 

0.303213 

0.121034 

8 

5.394415 

0.217961 

0.862425 

0.344255 

9 

0.417297 

0.016861 

0.066715 

0.026631 

10 

5.637588 

0.227786 

0.901302 

0.359774 

11 

0.135157 

0.005461 

0.021608 

0.008625 

12 

43.761476 

1.768176 

6.996306 

2.792724 

13 

1.809190 

0.073100 

0.289242 

0.115457 

14 

1.834950 

0.074141 

0.293360 

0.117101 

15 

0.849780 

0.034335 

0. 135857 

0.054230 

16 

0.560504 

0.022647 

0.089610 

0.035770 

17 

0.053205 

0.002150 

0.008506 

0.003395 

18 

0.809635 

0.032713 

0. 129439 

0.051668 

19 

0.082381 

0.003329 

0.013171 

0.005257 

20 

0.064763 

0.002617 

0.010354 

0.004133 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.049814 

0.002013 

0. 007964 

0.003179 

23 

0.099678 

0.004027 

0.015936 

0.006361 

24 

0.073341 

0.002963 

0.011725 

0.004680 

25 

0.238368 

0.009631 

0.038109 

0.015212 

26 

2.2858  1 1 

0.092358 

0. 365441 

0.145874 

27 

0.789041 

0.031881 

0. 126147 

0.050354 

28 

0.101368 

0.004096 

0.016206 

0.006469 

29 

0.148029 

0.005981 

0.023666 

0.009447 

30 

0.097704 

0.003948 

0.015620 

0.006235 

31 

0.067578 

0.002730 

0.010804 

0.004313 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

4.040486 

CARBON 

BALANCE  9. 

647138  LB  A  T/M0LN2 •  100. 

44 

PERCENT 

hydrogen 

BALANCE  23. 

251511  LB  AT/M0LN2 •  96. 

83 

PERCENT 

OXYGEN 

balance  0. 

524584  LB  AT/M0LN2.  98. 

67 

PERCENT 

PERCENT  02  REACT  95.0746  PERCENT  C4  REACT  26.3663 
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RUN  NO  =  17 

REACT  OR  ENTRANCE  CONDITIONS 

AIR  =  2,65  LB/HR  BUTANE  =  10,15  LB/HR 

TEMPERATURE  =  681.00  DEG  F 

PRESSURE  =  53.50  LB/SQ  IN 

OXYGEN  =  7.2378  NITROGEN  =  27.2277  BUTANE  =  65.5345  MOL  PCNT 

OXY/N  =  0.2658  NIT/N  =  l.COOO  BUT/N  =  2.4069  M0LS/MN2 

DENSITY  OF  GAS  MIXTURE  =  0.2099  LB/CU  FT 

GAS  VELOCITY  =  7.95  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.23  SEC 


REYNOLDS  NUMBER 


6  6  36 


V  1 
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RUN  NG  =  17  SAMPLE  NO  = 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUr  R 

1 

0.000000 

0.000000 

0. 000000 

0.000000 

2 

7.010957 

0.257769 

32.006684 

11.466200 

3 

27. 198584 

1.000000 

124. 168004 

44.482430 

4 

0.123592 

0.004544 

0.564226 

0.202131 

5 

0.000000 

0.000000 

0.000000 

0.000000 

6 

0.032635 

0.001200 

0. 148988 

0.053374 

7 

0.09993 2 

0.003674 

0.456214 

0.163436 

8 

0.083914 

0.003085 

0.363085 

0.137238 

9 

0.000000 

0.000000 

0.000000 

0.000000 

10 

0.077684 

0.002856 

0.354647 

0.127050 

11 

0.191094 

0.007026 

0. 872392 

0.312529 

12 

64.852919 

2.384423 

296.06899 2 

106.064912 

13 

0. 144221 

0.005303 

0.658405 

0.235870 

14 

0.133448 

0.004906 

0.609220 

0.218249 

15 

0.000000 

0.000000 

0.000000 

0.000000 

16 

0.000000 

0.000000 

0.000000 

0.000000 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.051019 

0.001876 

0.232915 

0.083440 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0.000000 

0.000000 

0.000000 

0.000000 

25 

0.000000 

0.000000 

0.000000 

0.000000 

26 

0.000000 

0.000000 

0.000000 

0.000000 

27 

0.000000 

0.000000 

0.000000 

0.000000 

28 

0.000000 

0.000000 

0.000000 

0.000000 

29 

0.000000 

0.000000 

0. 000000 

0.000000 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999995 

3 • 676662 

ARBCN 

BALANCE  9. 

635738  LB  AT/M0LN2.  100. 

08 

PERCENT 

IYDROGEN 

BALANCE  24. 

040337  LB  AT/MULN2.  99. 

88 

PERCENT 

iXYGEN 

BALANCE  0. 

529307  LB  AT/M0LN2.  99. 

56 

PERCENT 

PERCENT  G2  REACT  3.0297  PERCENT  C 4  REACT  0.9340 
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RUN  NC  =  17  SAMPLE  NO  =  2 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

1 

0.000000 

0.000000 

0.000000 

2 

5.204431 

0.190068 

2.508978 

3 

27.381980 

1.000000 

13.200442 

4 

0.341577 

0.012475 

0. 164669 

5 

0. 173946 

0.006353 

0. 083857 

6 

0.076186 

0.002782 

0.036728 

7 

0.9221 73 

0.033678 

0.444566 

8 

0. 195977 

0.007157 

0.094478 

9 

0.000000 

0.000000 

0.000000 

10 

0.219977 

0.008034 

0.106048 

1 1 

0.  188200 

0.006873 

0.090729 

12 

64. 197884 

2.344530 

30.948838 

13 

0.278036 

0.010154 

0. 134037 

14 

0.314560 

0.011488 

0.151645 

15 

0.000000 

0.000000 

0.000000 

16 

0.068791 

0.002512 

0.033163 

17 

0.000000 

0.000000 

0.000000 

18 

0. 166001 

0.006062 

0.080027 

19 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

24 

0.000000 

0.000000 

0.000000 

25 

0.000000 

0.000000 

0.000000 

26 

0.000000 

0.000000 

0.000000 

27 

0. 143298 

0.005233 

0.069082 

28 

0.070329 

0.002568 

0.033904 

29 

0.056655 

0.002069 

0.027312 

30 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

3.652037 

CARBON  BALANCE 

hydrogen  balance 

OXYGEN  BALANCE 


9.634832  LB  AT/M0LN2. 
23.908902  LB  A  T/M0LN2 • 
0.478412  LB  AT/M0LN2. 


100.07 

99.33 

89.99 


MOLS/MBUT  R 
0.000000 
3.047275 
16.032575 
0.199998 
0.101848 
0.044608 
0.539947 
0.114748 
0.000000 
0.128800 
0.110194 
37.588859 
0. 162794 
0.184180 
0.000000 
0.040278 
0.000000 
0.097196 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.083903 
0.041179 
0.033172 
0.000000 
0.000000 
0.000000 


PERCENT 

PERCENT 

PERCENT 


PERCENT  02  REACT 


28.4983 


PERCENT  C4  REACT 


2.5914 
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RUN  NO  = 

17  SAMPLE  NO  =  3 

PROC  NO 

MOL  PERCENT 

MOL S/ MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  r 

I 

0.415077 

0.016240 

0.074890 

0.041125 

2 

1.251679 

0.048972 

0.225834 

0.124014 

3 

25.558973 

1.000000 

4.611470 

2.532331 

4 

1.832543 

0.071699 

0.330636 

0.181565 

5 

1.396986 

0.054657 

0.252051 

0.138411 

6 

1.026967 

0.040180 

0. 185290 

0.101750 

7 

1.984735 

0.077653 

0.358095 

0.196643 

8 

3.981584 

0.155780 

0. 718376 

0.394487 

9 

0.195790 

0.007660 

0.035325 

0.019398 

10 

3.252247 

0.127245 

0. 586786 

0.322226 

11 

0.146306 

0.005724 

0.026397 

0.014496 

12 

51.424918 

2.012010 

9.278326 

5.095076 

13 

1.527827 

0.059777 

0.275658 

0. 151374 

14 

1.473062 

0.057634 

0.265777 

0.145948 

15 

0.377190 

0.014758 

0.068054 

0.037371 

16 

0.392421 

0.015354 

0.070803 

0.038880 

17 

0.024784 

0.000970 

0. 004472 

0.002456 

18 

1.014458 

0.039691 

0.  183033 

0.1005  10 

19 

0.076872 

0.003008 

0.013870 

0.007616 

20 

0. 113024 

0.004422 

0.020392 

0.011198 

21 

0.073759 

0.002886 

0.013308 

0.007308 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.057890 

0.002265 

0.010445 

0.005736 

24 

0.08257 2 

0.003231 

0.014898 

0.008181 

25 

0. 139538 

0.005459 

0.025176 

0.013825 

26 

1.137493 

0.044505 

0.205232 

0.1  12700 

27 

0 • 664666 

0.026005 

0.1 19922 

0 • 065854 

28 

0.096843 

0.003789 

0.017473 

0.009595 

29 

0. 152124 

0.005952 

0.027447 

0.015072 

30 

0.082368 

0.003223 

0. 014861 

0.008161 

31 

0.045310 

0.001773 

0.0081 75 

0.004489 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

3.912520 

CARBON 

BALANCE  9. 

847991  LB  AT/M0LN2.  102. 

29 

PERCENT 

HYCROGEN 

BALANCE  23. 

842333  LB  AT/MQLN2.  99. 

06 

PERCENT 

OXYGEN 

BALANCE  0. 

495375  LB  AT/M0LN2.  93. 

18 

PERCENT 

PERCENT 

02  REACT  81 

.5771  PERCENT  C4  REACT 

16.4067 

\  A  -  t  i  V 
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RUN  NO  = 

17  SAMPLE 

NO  =  4 

PROD  NO 

MCL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.656266 

0.026077 

0. 103927 

0.052387 

2 

0.375265 

0.014911 

0. 03942  7 

0.029936 

3 

25.166901 

1.000000 

3.985465 

2.008975 

4 

2. 101870 

0.083517 

0.332853 

0.  16/784 

5 

2.056069 

0.081697 

0.325602 

0.164128 

6 

1.473697 

0.058557 

0.233377 

0.117639 

7 

2.538244 

0.100856 

0.401960 

0.202618 

8 

4.192311 

0.166580 

0.663900 

0.334656 

9 

0.252247 

0.010023 

0.039946 

0.020136 

10 

4 • 56  70  66 

0.181471 

0. 723245 

0. 3t>4370 

11 

0. 140539 

0.005584 

0.022256 

0.011219 

12 

48.047068 

1.909137 

7.608800 

3.835410 

13 

1.479804 

0.058800 

0.234344 

0.118127 

14 

1.4522  14 

0.057703 

0.229973 

0.115925 

15 

0.559815 

0.022244 

0.088653 

l 

0.044688 

16 

0.431738 

0.017155 

0.068371 

0.034464 

17 

0.042566 

0.001691 

0.006741 

0.003398 

18 

0.92653 2 

0.036815 

0.146727 

0.073961 

19 

0.091809 

0.003648 

0.0  14539 

0.007329 

20 

0.134741 

0.005354 

0.021338 

0.010756 

21 

0.078063 

0.003102 

0.012362 

0.006231 

22 

0.030281 

0.001203 

0.004795 

0.002417 

23 

0.101877 

0.004048 

0.016133 

0.008132 

24 

0.112093 

0.004434 

0.017751 

0.008948 

25 

0.269283 

0.010700 

0.042644 

0.021496 

26 

1.485205 

0.059014 

0.235199 

0.118538 

27 

0.789336 

0.031364 

0.125000 

0.063010 

28 

0. 136217 

0.005413 

0.021572 

0.010874 

29 

0.178850 

0.007107 

0.028323 

0.0142/7 

30 

0.077078 

0.003063 

0.012206 

0.006153 

31 

0.054972 

0.002184 

0.008705 

0.004388 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

3.973473 

CARBON 

BALANCE  9 

.783617  LB  AT/M0LN2 •  101. 

62 

PERCENT 

HYDROGEN 

BALANCE  23 

.608207  LB  AT/M0LN2.  98. 

09 

PERCENT 

OXYGEN 

BALANCE  0 

.523967  LB  AT/M0LN2.  98. 

56 

PERCENT 

PERCENT  02  REACT  94.3906  PERCENT  C4  REACT  20.6008 
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RUN  NO  = 

17  SAMPLE  NO  =  5 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MGLS/MOXY  R 

MGLS/MBUT  R 

1 

0.659703 

0.026012 

0.103136 

0.046928 

2 

0.345275 

0.013614 

0.053979 

0.024561 

3 

25.361722 

1.000000 

3. 964969 

1.804123 

4 

2.184642 

0.086139 

0.341540 

0.155406 

5 

2.  180686 

0.085983 

0.340921 

0.155125 

6 

1.626626 

0.064137 

0.254301 

0.115711 

7 

2.526262 

0.099609 

0. 394948 

0.  179707 

8 

4.297137 

0.169434 

0.671801 

0.305680 

9 

0.237400 

0.009361 

0.037114 

0.016888 

10 

4.6751  16 

0.184337 

0. 730892 

0.332567 

11 

0.141501 

0.005579 

0.022122 

0.010066 

12 

46.985567 

1.852617 

7.345571 

3.342349 

13 

1.541015 

0.060761 

0.240917 

0.109621 

14 

1.526709 

0.060197 

0.238681 

0.108603 

15 

0.598637 

0.023604 

0. 093589 

0.042584 

16 

0.424312 

0.016730 

0.066336 

0.030184 

17 

0.040337 

0.001590 

0.00630b 

0.002869 

18 

0.916889 

0.036152 

0. 143344 

0.065224 

19 

0.097900 

0 • 0038b0 

0.015305 

0.006964 

20 

0. 177575 

0.007002 

0.027762 

0.012632 

21 

0.069328 

0.002734 

0.010839 

0.004932 

22 

0.068150 

0.002687 

0.010654 

0.004848 

23 

0.106435 

0.004197 

0. 01b640 

0.007571 

24 

0.  112347 

0.004430 

0.017564 

0.007992 

25 

0.311233 

0.012272 

0. 048657 

0.022140 

26 

1.506982 

0.059420 

0.235597 

0.107200 

27 

0.814959 

0.032133 

0. 127408 

0.057973 

28 

0. 120845 

0.004765 

0.018893 

0.008596 

29 

0. 165218 

0.006514 

0.025830 

0.011753 

30 

0.118534 

0.004674 

0.018531 

0.006432 

31 

0.060963 

0.002404 

0.009531 

0.004337 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

3.942950 

CARBON 

BALANCE  9. 

620316  LB  AT/M0LN2.  99. 

92 

PERCENT 

HYDROGEN 

BALANCE  23. 

195254  LB  AT/M0LN2.  96. 

37 

PERCENT 

OXYGEN 

BALANCE  0. 

526882  LB  AT/M0LN2.  99. 

10 

PERCENT 

PERCENT 

□2  REACT  94 

.8785  PERCENT  C4  REACT 

23.0290 
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VI  I  - 


RUN  NO  =  18 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.58  LB/HR  BUTANE  =  9.85  LB/HR 

TEMPERATURE  =  723.00  DEG  F 

PRESSURE  =  53.50  LB/SQ  IN 


OXYGEN  = 

7.2531 

NITROGEN  = 

27.2854 

BUTANE  = 

65.4615 

MOL  PCNT 

OXY/N  = 

0.2658 

NIT/N 

1.0000 

BUT/N  = 

2.3991 

M0LS/MN2 

DENSITY  OF  GAS  MIXTURE  =  0.2024  LB/CU  FT 

GAS  VELOCITY  =  8.01  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.22  SEC 


REYNOLDS  NUMBER 


6240 
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RUN  NC  =  18  SAMPLE  NO  =  1 


PROD  NO 

MCL  PERCENT 

MOLS/MGL  N 2 

MOLS/MOXY  R 

M0LS/M6UT  R 

1 

0.474655 

0.018014 

0.074978 

0.051019 

2 

0.673436 

0.025559 

0.106378 

0.072386 

3 

26.348589 

1.000000 

4.162087 

2.832139 

4 

1.828362 

0.069391 

0.288813 

0.196526 

5 

1.243991 

0.047213 

0. 196504 

0.133713 

6 

0.698282 

0.026502 

0. 1 10302 

0.075056 

7 

2.285662 

0.086747 

0.361049 

0.245680 

8 

2.471368 

0.093795 

0.390383 

0.265641 

9 

0.117483 

0.004459 

0.018558 

0.012628 

10 

2.229633 

0.084621 

0.352198 

0.239657 

11 

0. 109984 

0.004174 

0.017373 

0.011822 

12 

53.910448 

2.046047 

8.515825 

5.794689 

13 

1.500328 

0.056941 

0.236995 

0.161266 

14 

1.366160 

0.051849 

0.215802 

0. 146845 

15 

0. 195857 

0.007433 

0.030938 

0.021052 

16 

0. 199788 

0.007583 

0.031559 

0.021475 

17 

0.000000 

C. 000000 

0.000000 

0.000000 

18 

1.050096 

0.039854 

0. 165876 

0.112872 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.091146 

0.003459 

0.014398 

0.009797 

24 

0.083002 

0.003150 

0.013111 

0.008922 

25 

0.245616 

0.009322 

0.038798 

0.026401 

26 

1.690627 

0 . 064 164 

0.267056 

0.181721 

27 

0.822983 

0.031234 

0. 1 30000 

0.086460 

28 

0. 183544 

0.006966 

0.028993 

0.019729 

29 

0.178964 

0.006792 

0.028270 

0.019236 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999998 

3.795270 

CARBGN 

BALANCE  9. 

596188  LB  AT/M0LN2.  100. 

00 

PERCENT 

hydrogen 

BALANCE  23. 

382356  LB  AT/M0LN2.  97. 

46 

PERCENT 

OXYGEN 

BALANCE  0. 

473960  LB  AT/M0LN2.  89. 

15 

PERCENT 

PERCENT 

02  REACT  90 

.3851  PERCENT  C4  REACT 

14.7174 
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UN  NO  = 

18  SAMPLE  NO 

=  2 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.718356 

0.028307 

0.112115 

0.053095 

2 

0.338639 

0.013344 

0.052852 

0.025030 

3 

25.3776  19 

1.000000 

3.960729 

1.875721 

4 

2.661654 

0.104882 

0.415409 

0.196729 

5 

2.381975 

0.093861 

0.371759 

0.176058 

6 

1.492067 

0.058795 

0.232870 

0.110282 

7 

1.652779 

0.065127 

0.257952 

0.122161 

8 

3.983692 

0.156977 

0.621742 

0.294444 

9 

0.268165 

0.010567 

0.041853 

0.01982  1 

10 

4.796369 

0. 189C00 

0.748578 

0.354511 

11 

0.092443 

0.003643 

0.014428 

0.006833 

12 

47.354853 

1.866009 

7.390754 

3.500111 

13 

1.411710 

0.055628 

0.220328 

0.104343 

14 

1.379956 

0.054377 

0.215372 

0.101996 

15 

0.261390 

0.010300 

0.040796 

0.019320 

16 

0.310452 

0.012233 

0.048453 

0.022946 

17 

0.024064 

0.000948 

0.003756 

0.001779 

18 

1.069063 

0.042126 

0. 166850 

0.079017 

19 

0.062878 

0.002478 

0.009813 

0.004647 

20 

0.066226 

0.002610 

0.010336 

0.004895 

21 

0.071577 

0.002820 

0.011171 

0.005290 

22 

0.046387 

0.001828 

0.007240 

0.003429 

23 

0.134489 

0.005300 

0. 020990 

0.009940 

24 

0.097621 

0.003847 

0.015236 

0.007215 

25 

0.276388 

0.010891 

0.043136 

0.020429 

26 

2.050586 

0.080803 

0. 320039 

0.151564 

27 

0.958859 

0.037784 

0.149651 

0.070872 

28 

0.217061 

0.008553 

0.033877 

0.016044 

29 

0.232466 

0.009160 

0.036281 

0.017182 

30 

0. 137975 

0.005437 

0.021534 

0.010198 

31 

0.072246 

0.002847 

0.011276 

0.005340 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

3.940480 

CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  BALANCE 


9.599902  LB 
23.268123  LB 
0.493715  LB 


AT/M0LN2. 

AT/M0LN2. 

AT/M0LN2. 


100.03  PERCENT 
96.99  PERCENT 
92.87  PERCENT 


94.9801 


PERCENT  C4  REACT  22.2217 


PERCENT  02  REACT 
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RUN  NO  =  18  SAMPLE  NO  =  3 


PROD  NO 

MOL  PERCENT 

MOLS/MGL  N  2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.793607 

0.031513 

0.124892 

0.056129 

2 

0.340094 

0.01 3 504 

0.053522 

0.024054 

3 

25.  183806 

1.000000 

3.963248 

1.781155 

4 

2.825750 

0. 1 12205 

0.444696 

0.199855 

5 

2.621752 

0.104105 

0.412593 

0.185427 

6 

1.701071 

0.067546 

0.267702 

0.120310 

7 

1.503472 

0.059700 

0.236606 

0.106335 

8 

4. 1268  14 

0.163868 

0.649449 

0.291874 

9 

0.300955 

0.011950 

0.047362 

0.021285 

10 

5.066673 

0.201188 

0.797357 

0.358347 

11 

0.092694 

0.003681 

0.014587 

0.006556 

12 

46.280365 

1.837703 

7.283274 

3.273235 

13 

1.4  L9233 

0.056355 

0.223349 

0. 100377 

14 

1.360622 

0.054028 

0.214125 

0.096232 

15 

0.285989 

0.011356 

0.045007 

0.020227 

16 

0.283520 

0.011258 

0. 044618 

0.020052 

17 

0.036572 

0.001452 

0.005755 

0.002587 

18 

1.045926 

0.041532 

0. 164600 

0.073974 

19 

0.108584 

0.004312 

0.017088 

0.007680 

20 

0.138558 

0.005502 

0.021805 

0.009800 

21 

0.091817 

0.003646 

0.014450 

0.006494 

22 

0.049244 

0.001955 

0.007750 

0.003483 

23 

0.  138063 

0.005482 

0.021727 

0.009765 

24 

0.099891 

0.003966 

0.015720 

0.007065 

25 

0.304468 

0.012090 

0.047915 

0.021534 

26 

2.048157 

0.081328 

0. 322324 

0. 144858 

27 

1.022689 

0.040609 

0. 160944 

0.072331 

28 

0.256031 

0.010166 

0.040292 

0.018108 

29 

0.241567 

0.009592 

0.038016 

0.017085 

30 

0.  135935 

0.005398 

0.021392 

0.009614 

31 

0.096091 

0.003816 

0.015122 

0.006796 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS  99.999994  3.970806 


CARBON  BALANCE 
HYCROGEN  BALANCE 
OXYGEN  BALANCt 


9.617145 

23.305055 

0.500709 


LB  A T/M0LN2 • 
LB  AT/M0LN2. 
LB  AT/M0LN2. 


100.21  PERCENT 
97.14  PERCENT 
94.18  PERCENT 


94.9197  PERCENT  C4  REACT 


23.4015 


PERCtNT  02  REACT 
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RUN  NO  = 

18  SAMPLE  NO  =  4 

PROD  NO 

MOL  PERCENT 

MGLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.848626 

0.033830 

0. 133993 

0.058818 

2 

0.334904 

0.013351 

0.052879 

0.023212 

3 

25.085356 

1.000000 

3.960832 

1.738649 

4 

2.809107 

0.111982 

0.443542 

0.194697 

5 

2.598323 

0. 103579 

0.410260 

0.180088 

6 

1.914608 

0.076324 

0. 302306 

0.132700 

7 

1.320038 

0.052622 

0.208426 

0.091491 

8 

4.498189 

0.179315 

0.710238 

0.311766 

9 

0.321480 

0.012815 

0. 050760 

0.022282 

10 

5.218077 

0.208013 

0.823904 

0.361661 

11 

0.102554 

0.004088 

0.016193 

0.007108 

12 

45.7551 26 

1.823978 

7.224469 

3.171257 

13 

1 . 355660 

0.054042 

0.214051 

0.093960 

14 

1.367687 

0.054521 

0.215950 

0.094793 

15 

0.297019 

0.011840 

0.046898 

0.020586 

16 

0.297765 

0.011870 

0.047015 

0.020638 

17 

0.042766 

0.001705 

0.006753 

0.002964 

18 

1.067303 

0.042547 

0.168521 

0.073974 

19 

0. 1 10804 

0.004417 

0.017495 

0.007680 

20 

0. 128081 

0.005106 

0.020223 

0.008877 

21 

0.  109775 

0.004376 

0.017333 

0.007608 

22 

0.047128 

0.001879 

0.007441 

0.003266 

23 

0.118385 

0.004719 

0.018692 

0.008205 

24 

0. 101582 

0.004049 

0.016039 

0.007041 

25 

0.276851 

0.011036 

0.043713 

0.019188 

26 

2.101288 

0.083766 

0. 331781 

0.145639 

27 

1.048913 

0.041814 

0. 165617 

0.072699 

28 

0.247598 

0.009870 

0.039094 

0.017161 

29 

0.239937 

0.009565 

0.037885 

0.016630 

30 

0.136731 

0.005451 

0.021589 

0.009477 

31 

0.098345 

0.003920 

0.015528 

0.006816 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

3.986390 
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PERCENT 

HYDROGEN 

BALANCE  23. 

343416  LB  AT/M0LN2.  97.30 

PERCENT 

OXYGEN 

BALANCE  0. 

489480  LB  A  T/M0LN2 •  92.07 

PERCENT 

PERCENT 

02  REACT  94 

.9776  PERCENT  C4  REACT 

23.9736 
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RUN  NO  = 

18  SAMPLE 

NO  =  5 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MGLS/MBUT  R 

I 

0.850612 

0.033699 

0.133507 

0.058366 

2 

0.338442 

0.013408 

0.053120 

0.023223 

3 

25.241432 

1.000000 

3.961736 

1.731988 

4 

2.7691  18 

0.  109705 

0.434623 

0.190008 

5 

2.548167 

0.100952 

0.399944 

0.174847 

6 

1.886636 

0.074744 

0.2961 14 

0.129455 

7 

1.250088 

0.049525 

0.  196206 

0.085777 

8 

4.263685 

0.168916 

0.669201 

0.292561 

9 

0.336093 

0.013315 

0.052751 

0.023062 

10 

5.170538 

0.204843 

0.811535 

0.354786 

11 

0. 101445 

0.004019 

0.015922 

0.006961 

12 

45.983972 

1.821 7 b6 

7.217355 

3.159276 

13 

1.396333 

0.055319 

0.219160 

0.095812 

14 

1.359610 

0.053864 

0.213396 

0.09329 2 

15 

0.276247 

0.010944 

0.043358 

0.018955 

16 

0.288652 

0.011436 

0.045305 

0.019806 

17 

0.043710 

0.001732 

0.006860 

0.002999 

18 

1.049387 

0.041574 

0. 164705 

0.072006 

19 

0.  1092  74 

0.004329 

0.017L51 

0.007498 

20 

0. 141886 

0.005621 

0.022269 

0.009736 

21 

0.  112947 

0.004475 

0.017727 

0.007750 

22 

0.059967 

0.002376 

0.009412 

0.004115 

23 

0.  127031 

0.005033 

0.019938 

0.008716 

24 

0.0767  14 

0.003039 

0.012041 

0 . 0052t>4 

25 

0.300255 

0.011895 

0.047126 

0.020603 

26 

2. 102806 

0.083308 

0. 330043 

0.144288 

27 

1.055747 

0.041826 

0. 165703 

0.072442 

28 

0.272591 

0.010799 

0.042784 

0.018704 

29 

0.247957 

0.009823 

0.038918 

0.017014 

30 

0.  143669 

0.005692 

0.022549 

0.009858 

31 

0.094994 

0.003763 

0.014910 

0.006518 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999994 

3.961740 

CARBON 

BALANCE  9 

.585227  LB  AT/M0LN2.  99.88 

PERCENT 

HYDROGEN 

BALANCE  23 

.260244  LB  AT/M0LN2.  96.95 

PERCENT 

OXYGEN 

BALANCE  0 

.480326  LB  AT/M0LN2.  90.35 

PERCENT 

PERCENT  02  REACT 


94 .9560 


PERCENT  C4  REACT 


24.0658 
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RUN  NO  =  19 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.94  LB/HR  BUTANE  =  9.46  LB/HR 

TEMPERATURE  =  685.00  DEG  F 

PRESSURE  =  57.50  L6/SQ  IN 

OXYGEN  =  8.0851  NITROGEN  =  30.4152  BUTANE  =  61.4997 

CXY/N  =  0.2658  NIT/N  =  1.0000  BUT/N  =  2.0220 

DENSITY  OF  GAS  MIXTURE  =  0.2193  LB/CU  FT 

GAS  VELOCITY  =  7.37  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.32  SEC 


MOL  PCNT 
M0LS/MN2 


REYNOLDS  NUMBER 


6237 
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RUN  NO  = 

19  SAMPLE 

NO  =  l 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

M0LS/M8UT  R 

1 

0.672999 

0.023461 

0.097725 

0.051603 

2 

0.738646 

0.025750 

0. 107258 

0.056637 

3 

28.685625 

1.000000 

4. 165398 

2.199507 

4 

1.453302 

0.050663 

0.211032 

0. 1 1 1434 

5 

1.816508 

0.063325 

0.263772 

0.139283 

6 

1.902742 

0.066331 

0.276294 

0.145895 

7 

4.884867 

0.170290 

0. 709325 

0.374553 

8 

6.491978 

0.226315 

0.942691 

0.497781 

9 

0.269438 

0.009393 

0.039125 

0.020660 

10 

4.3636  14 

0.152118 

0.633634 

0.334586 

11 

0.079125 

0.002758 

0.011490 

0.006067 

12 

44. 960645 

1.567358 

6.528670 

3.447415 

13 

1.017191 

0.035460 

0. 147705 

0.077994 

14 

1.138617 

0.039693 

0. 165337 

0.087305 

15 

0.0801 20 

0.002793 

0.011634 

0.006143 

16 

0.2237  10 

0.007799 

0.032485 

0.017153 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.246517 

0.008594 

0.035796 

0.018902 

19 

0.091854 

0.003202 

0.013338 

0.007043 

20 

0. 100282 

0.003496 

0.014562 

0.007689 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0.050466 

0.001759 

0.007328 

0.003870 

25 

0.079708 

0.002779 

0.011574 

0.006112 

26 

0.438393 

0.015283 

0.063658 

0.033614 

27 

0.159526 

0.005561 

0.023165 

0.012232 

28 

0.000000 

0.000000 

0.000000 

O.OOOOOU 

29 

0.054126 

0.001887 

0.007860 

0.004150 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999993 

3.486066 

CARBON 

BALANCE  8 

.023982  LB  AT/M0LN2.  99. 

21 

PERCENT 

HYDROGEN 

BALANCE  19 

.124958  LB  AT/M0LN2.  94. 

58 

PERCENT 

OXYGEN 

BALANCE  0 

.492692  LB  A T/M0LN2 .  92. 

67 

PERCENT 

PERCENT  02  REACT 


90.3132 


PERCENT  C4  REACT 


22.4850 
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RUN  NO  = 

19  SAMPLE 

NO  =  2 

PROD  NO 

MOL  PERCENT 

MQLS/MUL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0.890027 

0.031777 

0. 126579 

0.053448 

2 

0.413986 

0.014781 

0.058877 

0.024861 

3 

28.008858 

1 . 000000 

3.983393 

1.681995 

4 

2.806940 

0.100216 

0. 399200 

0. 168563 

5 

3.011498 

0.107519 

0.428292 

0.180847 

6 

2.123665 

0.075821 

0. 302026 

0.127531 

7 

3.044213 

0.108688 

0.432945 

0.182812 

8 

7.027707 

0.250910 

0.999474 

0.422030 

9 

0.356791 

0.012738 

0.050742 

0.021426 

10 

5.761941 

0.205719 

0.819458 

0.346018 

11 

0.068879 

0.002459 

0.009796 

0.004136 

12 

39.981900 

1.427473 

5.686188 

2.401003 

13 

1.534474 

0.054785 

0.218231 

0.092149 

14 

1.615777 

0.057688 

0.229794 

0.097031 

15 

0.242713 

0.008666 

0.034518 

0.014575 

16 

0.285046 

0.010177 

0.040539 

0.017118 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.465711 

0.016627 

0.066233 

0.027967 

19 

0.158113 

0.005645 

0.022487 

0.009495 

20 

0.  117668 

0.004201 

0.016735 

0.007066 

21 

0.093487 

0.003338 

0.013296 

0.005614 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.137992 

0.004927 

0.019625 

0.008287 

24 

0.097020 

0.003464 

0.013798 

0.005826 

25 

0.234947 

0.008388 

0.033414 

0.014109 

26 

0.693621 

0.024764 

0.098646 

0.041654 

27 

0.439175 

0.015680 

0.062459 

0.026373 

28 

0.  118133 

0.004218 

0.016801 

0.007094 

29 

0.137097 

0.004895 

0.019498 

0.008233 

30 

0.045881 

0.001638 

0.006525 

0.002755 

31 

0.086744 

0.003097 

0.012337 

0.005209 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999996 

3.570299 

CARBON 

BALANCE  8 

.039779  LB  AT/M0LN2.  99. 

40 

PERCENT 

HYDROGEN 

BALANCE  19 

.096233  LB  A  T/MQLN2 .  94. 

44 

PERCENT 

OXYGEN 

BALANCE  0 

.457894  LB  A T/M0LN2 •  86. 

13 

PtRCENT 

PERCENT  02  REACT 


94.4397 


PERCENT  C4  REACT 


29.4031 
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RUN  NO  =  19  SAMPLE  NO  =  3 


PROD  NO 

MCL  PERCENT 

MOLS/MGL  N2 

MGLS/MOXY  R 

MOLS/MBUT  R 

1 

0.904782 

0.032494 

0. 129023 

0.048528 

2 

0.389147 

0.013976 

0.055493 

0.020872 

3 

27. 844546 

1.000000 

3.970663 

1.493446 

4 

2.989832 

0. 107376 

0.426353 

0.160360 

5 

3.  188486 

0. 1  14510 

0.454682 

0.171015 

6 

2.230238 

0.080096 

0.318034 

0.119619 

7 

2.337397 

0.083945 

0.333315 

0.  125367 

8 

7.626321 

0.273889 

1.087522 

0.409039 

9 

0.402632 

0.014460 

0.057416 

0.021595 

10 

6.593574 

0.236799 

0.940251 

0.353647 

I  1 

0.084952 

0.003051 

0.0121 14 

0.004556 

12 

37.657327 

1.352413 

5.369977 

2.019756 

13 

1.671552 

0.060032 

0.238365 

0.089654 

14 

1.667576 

0.059889 

0.237798 

0.089441 

15 

0.386050 

0.013864 

0.055051 

0.020706 

16 

0.373181 

0.013402 

0.053216 

0.020016 

17 

0.068067 

0.002445 

0.009706 

0.003651 

18 

0.591321 

0.021237 

0.084323 

0.031716 

19 

0.202476 

0.007272 

0.028873 

0.010860 

20 

0.176413 

0.006336 

0.025157 

0.009462 

21 

0. 1231 58 

0.004423 

0.017563 

0.006606 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0. 162843 

0.005848 

0.023222 

0.008734 

24 

0.158319 

0.005686 

0.022577 

0.008491 

25 

0.39888 2 

0.014325 

0. 056881 

0.021394 

26 

0.826117 

0.029669 

0.117805 

0.044309 

27 

0.568567 

0.020419 

0.081078 

0.030495 

28 

0.110135 

0.003955 

0.015705 

0.005907 

29 

0.  133856 

0.004807 

0.019088 

0.007179 

30 

0.047959 

0.001722 

0.006839 

0.002572 

31 

0.084300 

0.003028 

0.012021 

0.004521 

32 

0.000000 

0.000000 

O.OUOOOO 

0.000000 

TOTALS 

99. 999995 

3.591367 

CARBON 

BALANCE  7. 

991506  LB  AT/M0LN2.  98. 

81 

PERCENT 

HYDROGEN 

BALANCE  18. 

954969  LB  AT/M0LN2.  93. 

74 

PERCENT 

OXYGEN 

BALANCE  0. 

447515  LB  AT/MOL N 2.  84. 

18 

PERCENT 

PERCENT  02  REACT 


94. 7425 


PERCENT  C4  REACT 


33.1153 
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RUN  NG  = 

19  SAMPLE  NO  =  4 

PROD  NG 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.886431 

0.031777 

0. 126456 

0.046102 

2 

0.405511 

0.014537 

0.057849 

0.021090 

3 

27.895694 

1.000000 

3.979528 

1.450810 

4 

2.961541 

0.106165 

0.422486 

0.154025 

6 

3.227231 

0.115689 

0.460388 

0.167843 

6 

2. 323748 

0.083301 

0.331500 

0.120854 

7 

2.166503 

0.077664 

0. 309068 

0.112676 

8 

7.852348 

0.281490 

1.120196 

0.408388 

9 

0.445280 

0.015962 

0.063522 

0.023158 

10 

6.534933 

0.234263 

0.932257 

0.339871 

1 1 

0.081632 

0.002926 

0.011645 

0.004246 

12 

37. 177574 

1.332735 

5.303657 

1.933546 

13 

1.664351 

0.059663 

0.237432 

0.086560 

14 

1.736699 

0.062257 

0.247753 

0.090323 

15 

0. 383684 

0.013754 

0.054735 

0.019955 

16 

0.365722 

0.013110 

0.052173 

0.019021 

17 

0.072195 

0.002588 

0.010299 

0.003755 

18 

0.709280 

0.025426 

0.  101184 

0.036888 

19 

0.204762 

0.007340 

0.029211 

0.010649 

20 

0.1701  16 

0.006098 

0.024268 

0.008847 

21 

0.145656 

0.005221 

0.020779 

0.007575 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.  182307 

0.006535 

0.026007 

0.009481 

24 

0. 169588 

0.006079 

0.024193 

0.008820 

25 

0.407030 

0.014591 

0.058066 

0.021169 

26 

0. 793273 

0.028437 

0.113166 

0.041257 

27 

0.572596 

0.020526 

0.081685 

0.029780 

28 

0.  162865 

0.005838 

0.023234 

0.008470 

29 

0.  142942 

0.005124 

0.020392 

0.007434 

30 

0.066228 

0.002374 

0.009448 

0.003444 

31 

0.092287 

0.003308 

0.013165 

0.004800 

32 

0.000000 

0.000000 

0. 000000 

0.000000 

TOTALS 

99.999993 

3.584782 

CARBON 

BALANCE  7. 

961197  LB  AT/M0LN2.  98.43 

PERCENT 

hydrogen 

BALANCE  18. 

881673  Lfl  AT/M0LN2.  93.38 

PERCENT 

OXYGEN 

BALANCE  0. 

441  770  LB  A  T/MGLN2 •  83.09 

PERCENT 

PERCENT 

02  REACT  94 

.5314  PERCENT  C4  REACT 

34.0884 
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RUN  NO  =  19  SAMPLE  NO  =  5 


PROD  NO 

MCL  PERCENT 

MOLS/MUL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.914045 

0.032994 

0.130867 

0.047149 

2 

0.379664 

0.013705 

0.054358 

0.019584 

3 

27.703401 

1.000000 

3.966394 

1.429014 

4 

3.000215 

0.108298 

0.429551 

0.154759 

5 

3.212496 

0. 1 15960 

0.459944 

0.165709 

6 

2.581530 

0.093185 

0. 369607 

0.133162 

7 

2.317101 

0.083640 

0.331747 

0.119522 

8 

8.063535 

0.291067 

1. 154485 

0.415938 

9 

0.451692 

0.016305 

0.064670 

0.023299 

10 

6.563311 

0.236914 

0.939692 

0.338553 

11 

0.080466 

0.002905 

0.011521 

0.004151 

12 

36.630056 

1.322222 

5 • 244454 

1.889475 

13 

1.663389 

0.060043 

0.238153 

0.085802 

14 

1.672313 

0 • 0603o5 

0.239431 

0.086262 

15 

0.379732 

0.013707 

0.054368 

0.019588 

16 

0.373409 

0.013479 

0.053462 

0.019261 

17 

0.056340 

0.002034 

0.008066 

0.002906 

18 

0.886360 

0.031995 

0. 126903 

0.045721 

19 

0.201522 

0.007274 

0.028853 

0.010395 

20 

0.162681 

0.005872 

0.023292 

0.008391 

21 

0.147987 

0.005342 

0.021188 

0.007634 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.202498 

0.007309 

0.028992 

0.010445 

24 

0.167205 

0.006036 

0.023939 

0.008625 

25 

0.415337 

0.014992 

0.059465 

0.021424 

26 

0.728081 

0.026281 

0.104242 

0.037556 

27 

0.579558 

0.020920 

0.082977 

0.029895 

28 

0.161741 

0.005838 

0.023157 

0.008343 

29 

0.143945 

0.005196 

0.020609 

0.007425 

30 

0.063597 

0.002296 

0.009105 

0.003281 

31 

0.096802 

0.003494 

0.013859 

0.004993 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

S9. 999996 

3.609665 

CARBON 

BALANCE  7. 

984416  LB  A  T/M0LN2 •  98.72 

PERCENT 

HYDROGEN 

BALANCE  18. 

910376  LB  AT/M0LN2.  93.52 

PERCENT 

OXYGEN 

BALANCE  0. 

460401  LB  A  T/M0LN2 •  86.60 

PERCENT 

PERCENT  02  REACT 


94,8445 


PERCENT  C4  REACT 


34.6084 
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RUN  NO  =  2C 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.94  LB/HR  BUTANE  =  9.46  LB/HR 

TEMPERATURE  =  702.00  DEG  F 

PRESSURE  =  53.60  LB/SQ  IN 


OXYGEN  = 

8.0851 

NITROGEN  = 

3C.4152 

BUTANE  = 

61.4997 

MOL  PCNT 

OXY/N  = 

0.2658 

NIT/N 

1.0000 

BUT/N  = 

2.0220 

M0LS/MN2 

DENSITY  OF  GAS  MIXTURE  =  0.2010  LB/CU  FT 

GAS  VELOCITY  =  8.04  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.21  SEC 


REYNOLDS  NUMBER 


6  158 
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RUN  NO  = 

20  SAMPLE 

NO  =  2 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOL S/M6UT  R 

1 

0.551115 

0.019035 

0.076086 

0.037601 

2 

0.452833 

0.015641 

0.062517 

0.030896 

3 

2 8.952315 

1.000000 

3.997088 

1.975352 

4 

2.239627 

0*077356 

0.309198 

0.  152805 

5 

2.466292 

0.085  185 

0.340490 

0.168270 

6 

1.479856 

0.051114 

0.204305 

0. 100967 

7 

2.306104 

0.079652 

0.318375 

0.157340 

8 

4.001786 

0.138220 

0. 552477 

0.273033 

9 

0. 356351 

0.012308 

0.049197 

0.024313 

10 

4.469271 

0.154367 

0.617017 

0.304928 

11 

0.072256 

0.002496 

0.009975 

0.004930 

12 

43.884948 

1.515766 

6.058652 

2.994172 

13 

1.70428 2 

0.058865 

0.235289 

0.116279 

14 

1.679881 

0.058022 

0.231920 

0.114615 

15 

0.194158 

0.006706 

0.026805 

0.013247 

16 

0.266267 

0.009197 

0.036760 

0.018167 

17 

0.015071 

0.000521 

0.002081 

0.001028 

18 

0.691755 

0.023893 

0.095502 

0.047197 

19 

0.047666 

0.001646 

0.006581 

0.003252 

20 

0.000000 

0.000000 

0. 000000 

0.000000 

21 

0.069273 

0.002393 

0.009564 

0.004726 

22 

0.028723 

0.000992 

0.003965 

0.001960 

23 

0.085563 

0.002955 

0.011813 

0.005838 

24 

0.  173308 

0.005986 

0.023926 

0.011824 

25 

0.208763 

0.007211 

0.028821 

0.014243 

26 

1.925280 

0.066498 

0.265800 

0.131358 

27 

1.009987 

0.034884 

0.139436 

0.068909 

28 

0. 193206 

0.006673 

0.026674 

0.013182 

29 

0.242963 

0.008392 

0.033543 

0.016577 

30 

0. 121045 

0.004181 

0.016711 

0.008259 

31 

0.110069 

0.003802 

0.015196 

0.007510 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

ICO. 000001 

3.453955 

CARBON 

BALANCE  7 

.961125  LB  A  T/M0LN2 •  98.43 

PERCENT 

HYDROGEN 

BALANCE  19 

.216692  LB  AT/MGLN2.  95.04 

PERCENT 

OXYGEN 

BALANCE  0 

.448319  L6  A  T/M0LN2 •  84.33 

PERCENT 

PERCtNT  02  REACT 


94.1161 


PERCENT  C4  REACT 


25.0363 
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RUN  NO  =  20  SAMPLE  NO  =  3 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOX Y  R 

MOLS/MBUT  R 

I 

0,596117 

0.021431 

0.084917 

0.038198 

2 

0 .373883 

0.013442 

0.053260 

0.023958 

3 

27.815085 

1.000000 

3.962262 

1.782349 

4 

2.779169 

0.099916 

0.395893 

0.178085 

5 

2.803054 

0. 100775 

0. 399295 

0.179615 

6 

1.862077 

0.066945 

0.265253 

0.119319 

7 

2.581101 

0.092795 

0.367678 

0.165393 

8 

5. 128603 

0.184382 

0. 730570 

0.328633 

9 

0.408742 

0.014695 

0.058225 

0.026192 

10 

5.5612  38 

0.199936 

0. 792199 

0.356356 

11 

0.068707 

0.002470 

0.009787 

0.004403 

12 

40.636393 

1.460948 

5. 788659 

2.603919 

13 

1.649025 

0.059285 

0.234904 

0.105667 

14 

1.646407 

0.059191 

0.234531 

0.105499 

15 

0.222029 

0.007982 

0.031628 

0.014227 

16 

0.291168 

0.010468 

0.041477 

0.018658 

17 

0.029128 

0.001047 

0.004149 

0.001866 

18 

0.690542 

0.024826 

0.098368 

0.044249 

19 

C. 088534 

0.003183 

0.012612 

0.005673 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.121743 

0.004377 

0.017342 

0.007801 

22 

0.034681 

0.001247 

0.004940 

0.002222 

23 

0.085013 

0.003056 

0.0121 10 

0.005447 

24 

0. 162375 

0.005838 

0.023130 

0.010405 

25 

0.182190 

0.006530 

0.025953 

0.011674 

26 

2.334079 

0.083914 

0.332490 

0. 149564 

27 

1.064197 

0.038260 

0.151595 

0.068192 

28 

0.2082  12 

0.007486 

0.029660 

0.013342 

29 

0.291144 

0.010467 

0.041473 

0.016656 

30 

0 . 138668 

0.004985 

0.019753 

0.008886 

31 

0.146703 

0.003274 

0.020898 

0.009401 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999994 

3.595171 

CARBON 

BALANCE  8. 

123963  LB  AT/M0LN2.  100.44 

PERCENT 

HYDROGEN 

BALANCE  19. 

484157  LB  AT/M0LN2.  96.36 

PERCENT 

OXYGEN 

BALANCE  0. 

521496  LB  A  T/MGLN2 •  98.09 

PERCENT 

PERCENT 

02  REACT  94 

.9434  PERCENT  C4  REACT 

27.7476 
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RUN  NO  =  20  SAMPLE  NO  =  5 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MGLS/M6UT  R 

1 

0.652884 

0.023807 

0.094546 

0.043453 

2 

0. 384355 

0.014015 

0.055660 

0.025581 

3 

27.423620 

1.000000 

3.971291 

1.825189 

4 

2.7972  70 

0. 102002 

0.405080 

0.186173 

5 

3.026542 

0. 1 10363 

0.438282 

0.201433 

6 

1.780557 

0.064928 

0.257847 

0.118506 

7 

2.293227 

0.083622 

0.332089 

0.152627 

8 

5.276857 

0.192420 

0.764156 

0.351203 

9 

0.423308 

0.015436 

0.061300 

0.028173 

10 

5.751573 

0.209731 

0. 832901 

0.382798 

1 1 

0.068538 

0.002499 

0. 009925 

0.004562 

12 

40.425622 

1.474117 

5.854147 

2.690542 

13 

1.584195 

0.057768 

0.229412 

0.105437 

14 

1.561037 

0.056923 

0.226058 

0.103895 

15 

0.222459 

0.008112 

0.032215 

0.014806 

16 

0.282870 

0.010315 

0.040963 

0.018827 

17 

0.0324  17 

0.001182 

0.004694 

0.002158 

18 

0. D60983 

0.020456 

0.081237 

0.037336 

19 

0.069357 

0.002529 

0. 010044 

0.004616 

20 

0.039084 

0.001425 

0.005660 

0.00260  1 

21 

0.182926 

0.006670 

0.026490 

0.012175 

22 

0.045371 

0.001654 

0.006570 

0.003020 

23 

0.089052 

0.003247 

0.012896 

0.005927 

24 

0.  154632 

0.005639 

0.022393 

0.010292 

25 

0.245387 

0.008948 

0.035535 

0.016332 

26 

2.743418 

0.100039 

0.397282 

0. 182589 

27 

1.061475 

0.038707 

0.153715 

0.070647 

28 

0.203485 

0.007420 

0.029467 

0.013543 

29 

0.280685 

0.010235 

0.04064  7 

0.018681 

30 

0.151161 

0.005512 

0.021890 

0.010061 

31 

0.138165 

0.005038 

0.020008 

0.009196 

32 

0.047494 

0.001732 

0.006878 

0.003161 

TOTALS  99.999993  3.646492 


CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  BALANCE 


8.226138 

19.797272 

0.524102 


LB  A  T/M0LN2 • 
LB  AT/M0LN2. 
LB  A T/MQLN2 • 


101.71  PERCENT 
97.91  PERCENT 
98.58  PERCENT 


94.7275 


PERCENT  C4  REACT  27.0963 


PERCENT  02  REACT 
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RUN  NO  =  21 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.98  LB/HR  BUTANE  =  9.56  LB/HR 

TEMPERATURE  =  687.00  DEG  F 

PRESSURE  =  53. DO  LB/S Q  IN 


OXYGEN  = 

8 .1000 

NITROGEN  = 

30.4713 

BUTANE  = 

61.4287 

MOL  PCNT 

CXY/N  = 

0.2658 

nit/n 

1.0000 

BUT/N  = 

2.0160 

M0LS/MN2 

DENSITY  OF  GAS  MIXTURE  =  0.2036  LB/CU  FT 

GAS  VELOCITY  =  8.03  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.21  SEC 


REYNOLCS  NUMBER 


6296 
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RUN  NO  =  21  SAMPLE  NO  =  1 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MGLS/MBUT 

1 

0.436092 

0.014791 

0.059311 

0.028811 

2 

0.484617 

0.016437 

0.065910 

0.032016 

3 

29.463075 

l.COCOOO 

4.009853 

1.947809 

4 

1.374009 

0.046603 

0. 186872 

0.090774 

5 

2.571906 

0.087233 

0.349793 

0.169914 

6 

1.679254 

0.056957 

0.228387 

0.110940 

7 

5.024873 

0.170432 

0.683409 

0.331970 

8 

4.5023  78 

0.152711 

0.612347 

0.297451 

9 

0.461485 

0.015653 

0.062764 

0.030488 

10 

5.053902 

0.171417 

0.687357 

0.333888 

11 

0.082065 

0.002783 

0.011161 

0.005422 

12 

44.299925 

1.502554 

6.025023 

2.926689 

13 

0.953157 

0.032329 

0. 129634 

0.062971 

14 

1.100061 

0.037312 

0. 149614 

0.072676 

15 

0. 114455 

0.003882 

0.015566 

0.007562 

16 

0.221324 

0.007507 

0.030101 

0.014622 

17 

0.031611 

0.001072 

0. 004299 

0.002088 

18 

0.397354 

0.013477 

0.054042 

0.026251 

19 

0.077513 

0.002629 

0.010542 

0.005121 

20 

0.072181 

0.002448 

0.009817 

0.004769 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0.  118429 

0.004017 

0.016107 

0.007824 

25 

0.096724 

0.003281 

0.013155 

0.006390 

26 

0.626985 

0.021266 

0.085273 

0.041422 

27 

0.385850 

0.013087 

0.052478 

0.025491 

28 

0.112683 

0.003822 

0.015325 

0.007444 

29 

0.141509 

0.004800 

0.019246 

0.009349 

30 

0.044921 

0.001524 

0.006109 

0.002968 

31 

0.051669 

0.001752 

0.007027 

0.003414 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS  99  . 999996  3.391776 


CARBON 

BALANCE 

7. 745752 

LB  AT/M0LN2. 

96.06 

PERCENT 

HYDROGEN 

BALANCE 

18. 503091 

L8  AT/M0LN2. 

91.78 

PERCENT 

OXYGEN 

BALANCE 

0.501205 

LB  A T/M0LN2 • 

94.27 

PERCENT 

PERCENT 

02  REACT 

93.8165 

PERCENT  C4 

REACT 

25.4667 
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RUN  NO  = 

21  SAMPLE  NO  =  2 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0.601646 

0.021331 

0.084566 

0.040127 

2 

0.383048 

0.013581 

0.053840 

0.025548 

3 

28.205276 

1.000000 

3 . 964446 

1.881183 

4 

2.275751 

0.080685 

0.319873 

0.151784 

5 

2. 731363 

0.096839 

0.383912 

0.182171 

6 

1.866950 

0.066192 

0.262413 

0.124518 

7 

3.861298 

0.136900 

0. 542732 

0.257534 

8 

5.393701 

0.191230 

0.758122 

0.359739 

9 

0.521985 

0.018507 

0.073369 

0.034814 

10 

5.708518 

0.202392 

0.802372 

0. 380736 

11 

0.076738 

0.002721 

0.010786 

0.005118 

12 

41.867100 

1.484371 

5.884709 

2.792373 

13 

1.486919 

0.052718 

0.208997 

0.099172 

14 

1.474564 

0.052280 

0.207260 

0.098348 

15 

0.201383 

0.007140 

0.028306 

0.013431 

16 

0.243741 

0.008642 

0.034260 

0.016257 

17 

0.045436 

0.001611 

0. 006386 

0.003030 

18 

0.517969 

0.018364 

0.072804 

0.034547 

19 

0.092439 

0.003277 

0.012993 

0.006165 

20 

0.106932 

0.003791 

0.015030 

0.007132 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.057512 

0.002039 

0.008084 

0.003836 

23 

0.095622 

0.003390 

0.013440 

0.006378 

24 

0. 123861 

0.004391 

0.017410 

0.008261 

25 

0.201899 

0.007158 

0.028378 

0.013466 

26 

0.697004 

0.024712 

0.097969 

0.046487 

27 

0.620341 

0.021994 

0.087193 

0.041374 

28 

0. 148417 

0.005262 

0.020861 

0.009899 

29 

0. 169546 

0.006011 

0.023831 

0.011308 

30 

0.089192 

0.003162 

0.012537 

0.005949 

31 

0.133852 

0.004746 

0.018814 

0.008927 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999995 

3.545436 

CARBON 

BALANCE  8. 

122319  LB  AT/M0LN2.  100. 

73 

PERCENT 

HYDROGEN 

BALANCE  19. 

317293  LB  AT/M0LN2.  95. 

82 

PERCENT 

OXYGEN 

BALANCE  0. 

500410  LB  AT/M0LN2.  94. 

12 

PERCENT 

PERCENT 

02  REACT  94 

.8911  PERCENT  C4  REACT 

26.3687 
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RUN  NO  = 

21  SAMPLE  NO  =  3 

PROD  NO 

MCL  PERCENT 

MOLS/MGL  N2 

MOLS/MOXY  R 

MGLS/MBUr  R 

1 

0,661490 

0.023492 

0.093170 

0.039610 

2 

0.3851 62 

0.013679 

0.054250 

0. 023064 

3 

28.157771 

1.000000 

3.965987 

1.686103 

4 

2.488006 

0.088359 

0.350433 

0.148983 

5 

3.031794 

0.107672 

0.427024 

0.181545 

6 

2.043855 

0.072586 

0.287874 

0.122387 

7 

2.716542 

0.096476 

0. 382622 

0.162668 

8 

5.961660 

0.211723 

0.839692 

0.356987 

9 

0.594128 

0.021100 

0.083682 

0.035577 

10 

6.447599 

0.228981 

0.908136 

0.386086 

11 

0.076255 

0.002708 

0.010740 

0.004566 

12 

40.064791 

1.422868 

5.643076 

2.399101 

13 

1.5890  1 1 

0.056432 

0.223810 

0.095151 

14 

1.615787 

0.057383 

0.227582 

0.096754 

16 

0.255337 

0.009068 

0.035964 

0.016290 

16 

0.256506 

0.009110 

0.036128 

0.015360 

17 

0.045839 

0.001628 

0.006456 

0.002745 

18 

0.6087  19 

0.021618 

0. 085737 

0.036450 

19 

0.110092 

0.003910 

0.015506 

0.006592 

20 

0.131641 

0.004675 

0.018541 

0.007883 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0. 100001 

0.003551 

0.014085 

0.005988 

23 

0. 1 198  14 

0.004255 

0.016876 

0.007174 

24 

0.139198 

0.004944 

0.019606 

0.008335 

25 

0.336581 

0.011953 

0.047407 

0.020155 

26 

0.7318  18 

0.025990 

0. 103076 

0.043822 

27 

0. 711911 

0.025263 

0.  1002  72 

0.042630 

28 

0.149795 

0.005320 

0.021098 

0.008970 

29 

0.198972 

0. 0070b6 

0.028025 

0.011915 

30 

0.095658 

0.003397 

0.013473 

0.005728 

31 

0. 1742  74 

0.006189 

0. 024546 

0.010436 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999997 

3.551417 

CARBON 

BALANCE  8. 

083280  LB  A  T/M0LN2 .  100. 

24 

PERCENT 

hycrogen 

BALANCE  19. 

249165  LB  AT/M0LN2.  95. 

48 

PERCENT 

OXYGEN 

BALANCE  0. 

447537  LB  AT/MULN2.  84. 

18 

PERCENT 

PERCENT 

□2  REACT  94 

.8542  PERCENT  C4  REACT 

29.4195 
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RUN  NO 


21  SAMPLE  NO  =  4 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0. 713405 

0.025443 

0. 100755 

0.041147 

2 

0.37293 2 

0.013300 

0.052670 

0.021510 

3 

28.039465 

1.000000 

3.960043 

1.617229 

4 

2.557443 

0.091209 

0.361190 

0 . 14  7505 

5 

3.039269 

0. 108393 

0.429239 

0.175296 

6 

2.116724 

0.075491 

0.298947 

0.122086 

7 

2.813928 

0. 100356 

0. 397414 

0. i62299 

8 

6.376549 

0.227413 

0.900567 

0.367779 

9 

0.599101 

0.021366 

0.084612 

0.034554 

10 

6.445897 

0.229887 

0.910361 

0.371779 

11 

0.076763 

0.002738 

0.010841 

0.004427 

12 

39. 188237 

1.397610 

5.534596 

2.260255 

13 

1.610742 

0.057446 

0.227487 

0.092903 

14 

1.640716 

0.058515 

0.231720 

0.094631 

15 

0.26^209 

0.009423 

0.037314 

0.015239 

16 

0.241315 

0.008606 

0.034081 

0.013918 

17 

0.046719 

0.001666 

0.006598 

0.002695 

18 

0.614676 

0.021922 

0.086811 

0.035453 

19 

0.118657 

0.00423 2 

0.016758 

0.006844 

20 

0.126977 

0.004529 

0.017933 

0.007324 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0 . 100940 

0.003600 

0.014256 

0.005822 

23 

0.126977 

0.004529 

0.017933 

0.007324 

24 

0.172635 

0.006157 

0.024381 

0.009957 

25 

0.460947 

0.016439 

0.065100 

0.026586 

26 

0.715140 

0.025505 

0. 101000 

0.041247 

27 

0.802502 

0.028620 

0. 113338 

0.046286 

28 

0.179307 

0.006395 

0.025324 

0.010342 

29 

0. 190034 

0.006777 

0.026839 

0.010961 

30 

0.093098 

0.003320 

0.013148 

0.005370 

31 

0.154701 

0.005517 

0.021849 

0.008923 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS  99.999995  3.566402 


CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  BALANCE 


8.055881  LB 
19.157478  LB 
0.466260  LB 


A  T/M0LN2 . 
A  T/M0LN2. 
AT/M0LN2. 


99.90  PERCENT 
95.03  PERCENT 
87.70  PERCENT 


PERCENT  02  REACT  94.9966  PERCENT  C4  REACT 


30.6724 


-  i  I  V 


=  J  J  MM  A  £  is 

-  i  U> 

1  U  ;  \2  i  1 

Y  •  \ r  J. 

^  JU  \<Ji. 

r  -to*  s  j  t 

V  i  .  A  u  . 

c  <A0l  i  . 

>  a  A  <.  '>  o . 

ft  A  ;  V  .  1 

. 

0  V  iScu.J 

oo. ■  t i o.o 

9S\ 4  .0 

s 

i  J  .1 

:  A  -69.  f 

'  , .  ;  .  i 

0  At  A  U  .  h  S 

€ 

it  \  A  i  .  0 

J  1  61 .  ,.< 

A  .0 

A 

^  d  \  i  . ' 

t  At 

o  • '  i  . 

aai  l  .t 

e 

■»  .  ..  . 

\  A989S.0 

it'f'AO.Q 

A  S  V  r  i  I  .  S 

d 

a  i  au  t  .o 

a  at ooi . j 

S  9f  i  8  .  S 

V 

c  \  N  t  * 

V  20 0^  .0 

;A\\. 

<  '  V  .  d 

8 

. 

1  . 

1  0  i  i  .  . 

9 

«  s  \  n  v  .  o 

1  A  •  1 '  . 

'»  S. .  0 

V  •  .  j 

Oi 

\  ■  a  * 

. 

\  S 

V  d  s  u  .  0 

i  1 

, 

j  A  i  d  .  c 

U  1  A  .1 

V  €  ^  * .  >  1  .  9  £ 

Si 

<  .A  .  '  . 

'>  '  *s ' 

'  \  1 

s  •  \ o id . i 

€  J 

i  *  a9i.  .  j 

v  . .  s . 

i  v  d  Q  .  i 

it  A  o  .  i 

Ai 

l  V  . 

t  J  .  J 

,t'V 

90S^  .0 

<?I 

*  ,  J  . 

i  r  , 

1  u  d  .  >  U  •  !  .v 

e  i  t  j  *  ± .  o 

di 

C  *  '1  j  (J  \  . 

89  c dOU  •  0 

o  iOU. 

VIOA  .0 

V  J 

* 

i 

1  S  1  . 

d  ^  i  A  1  d  .  0 

81 

A< 

8  c  S  d  J  0  .  ) 

t  "•  -  0  0  .  ; 

\  i  ; . 

91 

A  . 

tfy  Vi o . u 

AA  i  .  ) 

OS 

01  ■  . 

uooooo . 

0; .  JUO.l 

0000.0 

is 

.  . 

o  *  SAiO.O 

Oo  c  0  . 

tA900i  .0 

ss 

i  * 

i  . 

. 

V \ 9dSi .0 

£S 

\  ‘  ’  . 

i  4ASQ.0 

. 

t  dS’w.O 

AS 

d l < o  .0 

0  i  J  c1  /.  J  . 

. 

\  A90dt^.() 

es 

\  »  ^  ■  *  . 

» . 1  0  J  0  J  .  u 

i.uCc  •  .  < 

O^idiV .0 

dS 

.  u 

■'Hi. 

'■> 

SOdSOB.0 

vs 

. 

d<  •  .0 

\  :  t(  V  i  .0 

i  ^  *  i  ■  •  - 

'■ 

UN  .1  .0 

fit  00  0 J  .0 

9S 

. 

*  i  c  J  0  •  0 

■  U  JU. 

'•00.  .  0 

■  ' 

v  A  [  ..  0  . 

\  I  c  .")  . 

t  v  I  .  o 

it 

■ 

UOOO^U  .  0 

v  ; 

■  ,.U'  O.v 

se 

\0r'  .4 

. 9? 

2  JATOT 

.  A  .  \  J.  \  1  J  I  boot:  ; 

.  3.A  JAM 

HOd«A3 

T.  Uj^  (0 

\  i  /.  J  A  ,  \  c  i 

.9]  :J  AJAt 

lOOfl.lYH 

.  N  .  S  JU 

\  r  A  J  1  d  .  1  d  ♦' 

.  JVW  J  A 

030YXU 

V  . 

I  0/  A  J  T  v 

. 

iH?  T3A38  SO 

T^30A.,S 

VI  I  -  71 


RUN  NC  = 

21  SAMPLE  NO  =  5 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MCJLS/M6UT  R 

1 

0. 764509 

0.027479 

0. 108948 

0.044565 

2 

0.378553 

0.013606 

0.053947 

0.022067 

3 

2 7.821974 

1.000000 

3.964847 

1.621819 

4 

2.579192 

0.092703 

0. 367555 

0.150348 

5 

3.091003 

0.1 11099 

0.440492 

0.180183 

6 

2.147088 

0.077172 

0. 305977 

0.125160 

7 

2.8889  12 

0.103836 

0.411692 

0.168403 

e 

6.318632 

0.227109 

0.900454 

0.368330 

9 

0.588663 

0.021158 

0.083889 

0.034315 

10 

6.426629 

0.230991 

0.915845 

0.374626 

n 

0.081390 

0.002925 

0.011599 

0.004744 

12 

38.932959 

1.399360 

5.548249 

2.269509 

13 

1.590832 

0.057179 

0.226706 

0.092734 

14 

1.641769 

0.059010 

0.233965 

0.095703 

15 

0.278934 

0.010026 

0.039750 

0.016260 

16 

0.264625 

0.009511 

0.037711 

0.015426 

17 

0.063964 

0.002299 

0.009115 

0.003729 

18 

0.612795 

0.022026 

0.087328 

0.035721 

19 

0.131147 

0.004714 

0.018689 

0.007645 

20 

0. 113522 

0.004080 

0.0161 78 

0.006617 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.117106 

0.004209 

0.016689 

0.006826 

23 

0.128306 

0.004612 

0.018285 

0.007479 

24 

0.188609 

0.006779 

0.026878 

0.010995 

25 

0.583688 

0.020979 

0.083180 

0.034025 

26 

0.758108 

0.027249 

0. 108036 

0.044192 

27 

0.858892 

0.030871 

0. 122399 

0.050067 

28 

0. 160698 

0.005776 

0.022901 

0.009368 

29 

0.211634 

0.007607 

0.030159 

0.012337 

30 

0.100767 

0.003622 

0.014360 

0.005874 

31 

0.175106 

0.006294 

0.024954 

0.010207 

32 

0.000000 

0.000000 

0. OUOOOO 

0.000000 

TOTALS 

99.999995 

3.594281 

CARBON 

BALANCE  8. 

104965  LB  AT/M0LN2.  100. 

51 

PERCENT 

HYDROGEN 

BALANCE  19. 

283124  LB  A  T/M0LN2 .  95. 

65 

PERCENT 

OXYGEN 

BALANCE  0. 

487018  LB  AT/M0LN2.  91. 

61 

PERCENT 

PERCENT  i 

D2  REACT  94 

.8814  PERCENT  C4  REACT 

30.5856 
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RUN  NO  =  22 

REACTOR  ENTRANCE  CONDITIONS 

AIR  =  2.9C  L 6/HR  BUTANE  =  9.37  LB/HR 

TEMPERATURE  =  723. CO  DEG  F 

PRESSURE  =  63.50  LB/SQ  IN 


OXYGEN  = 

8.0645 

NITROGEN  = 

30.3378 

BUTANE  = 

61.5977 

MOL  PC NT 

CXY/N  = 

0.2658 

NIT/N 

I. 0000 

8UT/N  = 

2.0304 

M0LS/MN2 

DENSITY  OF  GAS  MIXTURE  =  0.1976  LB/CU  FT 

GAS  VELOCITY  =  8.10  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDITIONS  =  1.20  SEC 

REYNOLDS  NUMBER  =  6004 
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RUN  NO  =  22  SAMPLE  NO  =  I 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUr  R 

1 

0.615233 

0.021179 

0.085982 

0.057079 

2 

0. 566692 

0.019508 

0.079199 

0.052576 

3 

29.049491 

1.000000 

4.059843 

2.695126 

4 

2. 184866 

0.075212 

0.305348 

0.202705 

5 

1.352660 

0 • 046564 

0. 189042 

0.125496 

6 

0.9282  17 

0.031953 

0. 129724 

0.086117 

7 

3.843641 

0.132314 

0.537172 

0.356602 

8 

3 .523702 

0.121300 

0.492459 

0.326919 

9 

0.282867 

0.009737 

0.039532 

0.026244 

10 

2.861612 

0.098508 

0.399928 

0.265492 

11 

0.099571 

0.003428 

0.013916 

0.009238 

12 

48.20335 2 

1.659353 

6.736711 

4.472165 

13 

1.448168 

0.049852 

0.202390 

0.134357 

14 

1. 798249 

0.061903 

0.251316 

0. 166836 

15 

0. 198823 

0.006844 

0.027787 

0.018446 

16 

0. 159063 

0.005476 

0.022230 

0.014757 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.898460 

0.030929 

0. 125565 

0.083356 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.048926 

0.001684 

0.006838 

0.004539 

24 

0.075365 

0.002594 

0.010533 

0.006992 

25 

0. 175234 

0.006032 

0.024490 

0.016258 

26 

0. 768636 

0.026460 

0. 107422 

0.071312 

27 

0.590968 

0.020343 

0.082591 

0.054828 

28 

0. 109334 

0.003764 

0.015280 

0.010144 

29 

0.216875 

0.007466 

0.030310 

0.020121 

30 

0.000000 

0.000000 

0.000000 

0.000000 

31 

C. 000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0 .000000 

TOTALS 

99.999996 

3.442401 

CARBON 

BALANCE  8. 

167597  LB  AT/M0LN2 •  100. 

57 

PERCENT 

HYDROGEN 

BALANCE  19. 

570240  LB  AT/MGLN2.  96. 

39 

PERCENT 

OXYGEN 

BALANCE  0. 

490446  LB  AT/MGLN2.  92. 

25 

PERCENT 

PERCENT  02  REACT 


92.6613 


PERCENT  C4  REACT 


18.2743 
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RUN  NO  =  22  SAMPLE  NO  =  2 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.791183 

0.028024 

0.111173 

0.050125 

2 

0 . 3882  19 

0.013751 

0.054551 

0.024596 

3 

28.232609 

1.000000 

3.967120 

1.788676 

4 

3.152915 

0.1  11676 

0.443033 

0. 199753 

5 

2.845694 

0. 100795 

0.399864 

0. 180289 

6 

1.644863 

0.058261 

0.231129 

0.104210 

7 

2. 365343 

0.083781 

0.332367 

0. 149856 

8 

4.573346 

0.161988 

0.642626 

0.289744 

9 

0.566734 

0.020074 

0.079635 

0.035905 

10 

5.520996 

0 • 195554 

0. 775786 

0.34978 2 

11 

0.094767 

0.003357 

0.013316 

0.006004 

12 

41.539205 

1.471320 

5.836903 

2.631715 

13 

1.606948 

0.056918 

0.225801 

0.101808 

14 

1 . 968378 

0.069720 

0.276588 

0.124707 

15 

0.255201 

0.009039 

0.035860 

0.016168 

16 

0.217671 

0.007/10 

0.030586 

0.013791 

17 

0.036417 

0.001290 

0.005117 

0.002307 

18 

0.923613 

0.032714 

0. 129782 

0.058515 

19 

0.035242 

0.001248 

0.004952 

0.002233 

20 

0.068355 

0.002421 

0.009605 

0.004331 

21 

0.022458 

0.000795 

0.003156 

0.001423 

22 

0.070532 

0.002498 

0.009911 

0 • 004469 

23 

0. 122833 

0.004351 

0.017260 

0.007782 

24 

0. 103745 

0.003675 

0.014578 

0.006573 

25 

0.2848  19 

0.010088 

0.040022 

0.018045 

26 

1.123107 

0.039780 

0. 157814 

0.071154 

27 

0.834305 

0.029551 

0. 117233 

0.052857 

28 

0. 195299 

0.006918 

0.027443 

0.012373 

29 

0.231590 

0.008203 

0.032542 

0.014672 

30 

0.087185 

0.003088 

0.012251 

0.005524 

31 

0.096435 

0.003416 

0.013551 

0.006110 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999994 

3.542003 

CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  8ALANCE 


8.098587  LB  AT/M0LN2. 
19.346599  LB  A  T/M0LN2 . 
0.467693  LB  AT/M0LN2. 


99.72  PERCENT 
95.28  PERCENT 
87.97  PERCENT 


PERCENT  02  REACT 


94.8271 


PERCENT  C4  REACT 


27.5352 
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RUN  NO  = 

22  SAMPLE  NO  =  3 

PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT 

1 

0.836622 

0.029534 

0. 11 71  15 

0.048356 

2 

0.386483 

0.013643 

0.054102 

0.022338 

3 

28.327347 

1.000000 

3.965432 

1.637283 

4 

3.245965 

0.1  14588 

0.454390 

0. 18 7612 

5 

3.039186 

0.107288 

0.425444 

0.175661 

6 

1.893487 

0.066843 

0.265062 

0.109441 

7 

1.871381 

0.066063 

0.261967 

0. 108163 

8 

4.712839 

0.16637 1 

0.659731 

0.272396 

9 

0.639203 

0.022565 

0.089480 

0.036945 

10 

5.749659 

0.202972 

0.804872 

0. 332323 

11 

0.081523 

0.002878 

0.011412 

0.004712 

12 

40.214203 

1 .419625 

5.629425 

2. 324327 

13 

1.602036 

0.056554 

0.224263 

0.092596 

14 

1.982464 

0.069984 

0.277517 

0.114584 

15 

0.279041 

0.009851 

0.039062 

0.016128 

16 

0.244473 

0.008630 

0.034223 

0.014130 

17 

0.061152 

0.002159 

0.008560 

0.003535 

18 

0.991765 

0.035011 

0.138833 

0.057323 

19 

0.062409 

0.002203 

0.008736 

0.003607 

20 

0.094006 

0.003319 

0.013159 

0.005433 

21 

0.020696 

0.000731 

0.002897 

0.001196 

22 

0.066505 

0.002348 

0.009310 

0.003844 

23 

0.140734 

0.004968 

0.019701 

0.008134 

24 

0. 105857 

0.003737 

0.014819 

0.006118 

25 

0.347036 

0.012251 

0.048580 

0.020058 

26 

1.307805 

0.046168 

0. 183074 

0.075589 

27 

0.9492 19 

0.033509 

0.132877 

0.054864 

28 

0.233759 

0.008252 

0.032723 

0.013511 

29 

0.2  320  13 

0.008190 

0.032479 

0.013410 

30 

0.142005 

0.005013 

0.019879 

0.008208 

31 

0.1391 34 

0.004912 

0.019477 

0.008042 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

59.999997 

3.530158 

CARBON 

BALANCE  7. 

985260  LB  AT/M0LN2.  98. 

32 

PERCENT 

hVCROGEN 

BALANCE  19. 

115445  LB  A  T/M0LN2 •  94. 

15 

PERCENT 

OXYGEN 

BALANCE  0. 

457810  LB  AT/M0LN2.  86. 

11 

PERCENT 

PERCENT  02  REACT 


94. 8675 


PERCENT  C4  REACT 


30.0813 
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RUN  NO  = 

22  SAMPLE  NO  =  4 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.890784 

0.031646 

0. 125501 

0.051705 

2 

0.384641 

0.013665 

0.054191 

0.022326 

3 

28.148326 

1.000000 

3.965767 

1.633840 

4 

3.249326 

0. 115436 

0.45779 2 

0.188604 

5 

3.047735 

0.108274 

0.429390 

0.176903 

6 

1.872011 

0.066505 

0.263744 

0.108659 

7 

1.847637 

0.066639 

0.260310 

0.107244 

8 

4.823323 

0.171354 

0.679549 

0.279965 

9 

0.663632 

0.023576 

0.093498 

0.038520 

10 

5.944326 

0.2111 79 

0.837485 

0.345032 

II 

0.078833 

0.002801 

0.011107 

0.004576 

12 

39.923836 

1.418338 

5.624798 

2.317337 

13 

1 .599309 

0.056817 

0.225324 

0.092830 

14 

1.960091 

0.069634 

0.276154 

0.113771 

15 

0.277891 

0.009872 

0.039152 

0.016130 

16 

0. 245263 

0.008713 

0.034555 

0.014236 

17 

0.054587 

0.001939 

0.007691 

0.003168 

18 

1.0161 77 

0.036101 

0. 143167 

0.058983 

19 

0.071415 

0.002537 

0.010062 

0.004145 

20 

0.088346 

0.003139 

0.012447 

0.005128 

21 

0.023539 

0.000836 

0.003316 

0.001366 

22 

0.067271 

0.002390 

0.009478 

0.003905 

23 

0. 1352 12 

0.004804 

0.019050 

0.007848 

24 

0.093206 

0.003311 

0.013132 

0.005410 

25 

0.3424  12 

0.012165 

0.048242 

0.019875 

26 

l  . 394929 

0.049556 

0. 196529 

0.080967 

27 

0.9588  72 

0.034065 

0. 135094 

0.055657 

28 

0.248267 

0.008820 

0.034978 

0.014410 

29 

0.240103 

0.008530 

0.033828 

0.013937 

30 

0.153170 

0.005442 

0.021580 

0.008891 

31 

0.155535 

0.005526 

0.021913 

0.009028 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

99.999995 

3.552609 

CARBON 

BALANCE  8. 

028337  LB  AT/M0LN2.  98.85 

PERCENT 

HYDROGEN 

BALANCE  19. 

214663  LB  A T/MGLN2 •  94.64 

PERCENT 

OXYGEN 

BALANCE  0. 

464087  LB  AT/M0LN2.  87.29 

PERCENT 

PERCENT 

□2  REACT  94 

.8594  PERCENT  C4  REACT 
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RUN  NO  = 

22  SAMPLE 

NO  =  5 

PROD  NO 

MOL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

MGLS/M6UT 

1 

0.920025 

0.032645 

0. 129252 

0.052974 

2 

0.373465 

0.013252 

0.052467 

0.021504 

3 

28.182374 

1.000000 

3.959282 

1.622697 

4 

3.222139 

0.114332 

0.452671 

0.185526 

5 

3.042866 

0.107971 

0.427486 

0.175203 

6 

1.877616 

0.066624 

0.263782 

0.108110 

7 

1.691072 

0.060005 

0.237575 

0.097369 

8 

4.80947 2 

0.170655 

0.675673 

0.276922 

9 

0.658836 

0.023378 

0.092558 

0.037935 

10 

6.072940 

0.215487 

0.853175 

0.349670 

11 

0.0810 1  7 

0.002675 

0.011382 

0.004665 

12 

39.853679 

1.414135 

5.598959 

2.294712 

13 

1.610631 

0.057150 

0.226274 

0.092738 

14 

2.033769 

0.072165 

0.285720 

0.117101 

15 

0.260384 

0.009239 

0.036581 

0.014993 

16 

0.248185 

0.008806 

0.034867 

0.014290 

17 

0.048730 

0.001729 

0.006846 

0.002806 

18 

1.052507 

0.037346 

0. 147865 

0.060602 

19 

0.076631 

0.002719 

0. 010766 

0.004412 

20 

0.092842 

0.003294 

0.013043 

0.005346 

21 

0.030167 

0.001070 

0.004238 

0.001737 

22 

0.0701 14 

0.002488 

0.009850 

0.004037 

23 

0.147000 

0.005216 

0. 020652 

0 • 008464 

24 

0.1161 12 

0.004120 

0.016312 

0.006686 

25 

0.342108 

0.012139 

0.048062 

0.019698 

26 

1.433349 

0.050860 

0.201368 

0.082530 

27 

0.923261 

0.032760 

0. 129707 

0.053160 

28 

0.232329 

0.008244 

0.032639 

0.013377 

29 

0.219368 

0.007784 

0.030819 

0.012631 

30 

0.135224 

0.004798 

0.018997 

0.007786 

31 

0.141795 

0.005031 

0.019920 

0.008164 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS 

59. 999996 

3.548317 

CARBON 

BALANCE  8 

.023104  LB  AT/M0LN2.  98. 

79 

PERCENT 

HYDROGEN 

BALANCE  19 

.209916  L8  AT/M0LN2.  94. 

61 

PERCENT 

OXYGEN 

BALANCE  0 

.450483  LB  A  T/M0LN2 •  84. 

73 

PERCENT 

PERCENT  C 2  REACT 


95.0148 


PERCENT  C4  REACT 


30.3517 
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RUN  NO  =  26 


REACTOR  ENTRANCE  CONDITIONS 


AIR  =  2.95  LB/HR 


BUTANE  = 


TEMPERATURE  = 


699.00  DEG  F 


PRESSURE  =  53.50  LB/SQ  IN 


OXYGEN  = 


8. 1178  NITROGEN  =  3C.5382 


UXY/N 


0.2658  NIT/N 


1.0000 


DENSITY  OF  GAS  MIXTURE  =  0.2014  L6/CU 

GAS  VELOCITY  =  8.02  FT/SEC 

RESIDENCE  TIME  BASED  ON  ENTRANCE  CONDIT 


REYNOLDS  NUMBER  = 


6156 


9.43  LB/HR 


BUTANE  = 
BUT/N  = 

f  r 

IONS 


61. 3440 
2.0088 

1.22  SEC 


MOL  PC NT 
M0LS/MN2 
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RUN  NO  =  26  SAMPLE  NO  =  1 


PROD  NO 

MOL  PERCENT 

MOLS/MOL  N 2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.000000 

0.000000 

0.000000 

0.000000 

2 

4.289371 

0. 140012 

1.1 12885 

0.602378 

3 

30.635648 

1.000000 

7.948471 

4.302320 

4 

0.735248 

0.024000 

0.  190761 

0. 103255 

5 

0.533078 

0.017401 

0.138308 

0.074863 

6 

0.374485 

0.012224 

0.097161 

0.052591 

7 

2.030746 

0.066287 

0.526881 

0.285188 

8 

1.048984 

0.034241 

0.272161 

0. 147314 

9 

0.036037 

0.001176 

0.009350 

0.005061 

10 

0.820980 

0.026798 

0.213005 

0.115294 

11 

0.  1 16996 

0.003819 

0.030355 

0.016430 

12 

54.418953 

1.776328 

14. 119091 

7.642331 

13 

1.351185 

0.044105 

0. 350567 

0.  189754 

14 

1 .401453 

0.045746 

0.363609 

0.196813 

15 

0.000000 

0.000000 

0.000000 

0.000000 

16 

0.162956 

0.005319 

0.042279 

0.022885 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.358374 

0.011698 

0.092981 

0.050328 

19 

0.000000 

0.000000 

0.000000 

0.000000 

20 

0.000000 

0.000000 

0.000000 

0.000000 

21 

0.000000 

0.000000 

0.000000 

0.000000 

22 

0.000000 

0.000000 

0.000000 

0.000000 

23 

0.000000 

0.000000 

0.000000 

0.000000 

24 

0 .077828 

0.002540 

0.020193 

0.010930 

25 

0.081806 

0.002670 

0.021225 

0.01 1488 

26 

0.761306 

0.024850 

0.  197522 

0.106914 

27 

0.433821 

0.014161 

0.112556 

0.060924 

28 

0.085282 

0.002784 

0.022127 

0.011977 

29 

0.  1787  14 

0.005834 

0.046368 

0.025098 

30 

0.066753 

0.002179 

0.017319 

0.009374 

31 

0.000000 

0.000000 

0.000000 

0.000000 

32 

0.000000 

0.000000 

0.000000 

0.000000 

TOTALS  99,999996  3.264171 


CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  BALANCE 


7.878183  LB  A  T/MOLN2 • 
19.285406  LB  AT/M0LN2. 
0.508634  LB  AT/M0LN2. 


98.05  PERCENT 
96.01  PERCENT 
95.67  PERCENT 


PERCENT  02  REACT 


47.3287 


PERCENT  C4  REACT 


11.5710 
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RUN  NO  =  26  SAMPLE  NO  =  2 


PROD  NO 

MOL  PERCENT 

MGLS/MOL  N 2 

MGLS/MOXY  R 

MGLS/MBUT 

1 

0.525825 

0.018266 

0.072941 

0.036774 

2 

0.443227 

0.015397 

0.061483 

0.030998 

3 

28.786677 

1.000000 

3.993198 

2.013240 

4 

2.281757 

0.079264 

0.316518 

0.159578 

5 

2.463405 

0.085574 

0.341716 

0. 172282 

6 

1.549722 

0.053835 

0.214973 

0. 108382 

7 

2.040935 

0.070899 

0.283112 

0. 142736 

8 

4.445766 

0.154438 

0.616703 

0.310921 

9 

0. 322608 

0.011207 

0.044751 

0.022562 

10 

4.638199 

0.161123 

0.643396 

0.324380 

11 

0.074990 

0.002605 

0.010402 

0.005245 

12 

43*326864 

1.512049 

6.037911 

3.044118 

13 

1.637801 

0 . 05o8  94 

0.227191 

0. 114542 

14 

1.631319 

0.056669 

0.226291 

0. 114089 

15 

0.213365 

0.007412 

0.029597 

0.014922 

16 

0.280329 

0.009738 

0.038886 

0.019605 

17 

0.000000 

0.000000 

0.000000 

0.000000 

18 

0.688995 

0.023935 

0.095575 

0.048186 

19 

0.046485 

0.001615 

0.006448 

0.003251 

20 

0. 053805 

0.001869 

0.007464 

0.003763 

21 

0.070405 

0.002446 

0.009766 

0.004924 

22 

0.030933 

0.001075 

0.004291 

0.002163 

23 

0.085031 

0.002954 

0.011795 

0.005947 

24 

0. 1  76520 

0.006132 

0.024486 

0.012345 

25 

0.199149 

0.006918 

0.027625 

0.013928 

26 

1.992408 

0.069213 

0.276381 

0. 139342 

27 

1.039805 

0.036121 

0.144239 

0.072720 

28 

0.209289 

0.007270 

0.029032 

C. 014637 

29 

0.260006 

0.009032 

0.036067 

0.018184 

30 

0.121316 

0.004214 

0.016829 

0.006484 

31 

0.112502 

0.003908 

0.015606 

0.007868 

32 

0.050569 

0.001757 

0.007015 

0.003537 

TOTALS 

99.999992 

3.473829 

CARBON 

BALANCE  8. 

002542  LB  AT/M0LN2.  99.60 

PERCENT 

HYDROGEN 

BALANCE  19. 

318545  LB  A  T/M0LN2 •  96.17 

PERCENT 

OXYGEN 

BALANCE  0. 

442329  LB  AT/M0LN2.  83.20 

PERCENT 

PERCENT  02  REACT 


94.2078 


PERCENT  C 4  REACT 


24.7273 
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VI  I  - 


RUN  NO  =  ?6  SAMPLE  NO  =  3 


PROD  NO 

MOL  PERCENT 

MOL S/ MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

1 

0.586146 

0.021014 

0.083345 

0.038354 

2 

0.381972 

0.013694 

0.054313 

0.024994 

3 

27.893528 

1.000000 

3.966226 

1.825196 

4 

2.690587 

0.096459 

0.382579 

0. 1 76057 

5 

2.834547 

0.101620 

0.403049 

0. 185477 

6 

1.839710 

0.065955 

0.261591 

0.120380 

7 

2.559301 

0.091753 

0.363911 

0. 167466 

8 

5.126659 

0.183794 

0. 728968 

0.335460 

9 

0.394054 

0.014127 

0.056031 

0.025785 

10 

5.483510 

0.196587 

0. 779709 

0.358810 

11 

0.076709 

0.002750 

0.010907 

0.005019 

12 

40. 748938 

1.460874 

5. 794157 

2  •  66t>3  82 

13 

1.642508 

0.058885 

0.233551 

0.107477 

14 

1.654777 

0.059325 

0.235295 

0.108279 

15 

0.228496 

0.008192 

0.032490 

0.014952 

16 

0.299613 

0.010741 

0.042602 

0.019605 

17 

0.029765 

0.001067 

0.004232 

0.001948 

18 

0.640422 

0.022960 

0.091063 

0.041906 

19 

0.092308 

0.003309 

0.013125 

0.006040 

20 

0.078627 

0.002819 

0.011180 

0.005145 

21 

0. 121009 

0.004338 

0.017206 

0.007918 

22 

0.037631 

0.001349 

0.005351 

0.002462 

23 

0.087528 

0.003138 

0.012446 

0.005727 

24 

0.  158242 

0.005673 

0.022501 

0.010354 

25 

0.207153 

0.007427 

0.029455 

0.013555 

26 

2.  186240 

0.078378 

0.310865 

0.143055 

27 

1.059343 

0.037978 

0.150630 

0.069317 

28 

0.229193 

0.008217 

0.032589 

0.014997 

29 

0.297915 

0.010680 

0.042361 

0.019494 

30 

0. 144896 

0.005195 

0.020603 

0.00948  1 

31 

0.139541 

0.005003 

0.019842 

0.009131 

32 

0.049138 

0.0017t>2 

0.006987 

0.003215 

TOTALS 

99. 999991 

3.585061 

C AR8CN 

BALANCE  8. 

121910  L6  AT/M0LN2.  101.08 

PERCENT 

HYDROGEN 

BALANCE  19. 

481682  LB  A  T/M0LN2 .  96.98 

PERCENT 

OXYGEN 

BALANCE  0. 

515513  LB  AT/MQLN2.  96.97 

PERCENT 

PERCENT 

02  REACT  94 

.8485  PERCENT  C4  REACT 

27.2748 
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VI  I  - 


RUN  NO  =  26  SAMPLE  NO  =  4 


PROD  NO 

MCL  PERCENT 

MOLS/MOL  N2 

MOLS/MOXY  R 

M0LS/M6UT  R 

1 

0.651909 

0.023654 

0. 093884 

0.041887 

2 

0.3882 10 

0.013873 

0.055063 

0 • 024  56  7 

3 

27.982893 

1.000000 

3.969047 

1.770826 

4 

2.  1 345  2  5 

0.097721 

0.387860 

0.173047 

5 

2.971482 

0.106189 

0.421470 

0.188043 

6 

1.819123 

0.065008 

0.258021 

0.115119 

7 

2.589386 

0.092535 

0.367274 

0.163863 

8 

5.275486 

0.188525 

0. 748266 

0.333846 

9 

0.4081 12 

0.014584 

0.057886 

0.025826 

10 

5.217646 

0.186458 

0.740062 

0.330185 

11 

0.079172 

0.002829 

0.011230 

0.005010 

12 

40.408761 

1.444052 

5.731511 

2.557165 

13 

1.574987 

0.056284 

0.223394 

0.099669 

14 

1.648104 

0.058897 

0.233764 

0.  104296 

15 

0.2205  15 

0.007880 

0.031277 

0.013955 

16 

0.288704 

0.010317 

0.040949 

0.018270 

17 

0.032581 

0.001164 

0.004621 

0.002062 

18 

0.559461 

0.019993 

0.079353 

0.035404 

19 

0.075899 

0.002712 

0.010765 

0.004803 

20 

0.078236 

0.002796 

0.011097 

0.004951 

21 

0. 147006 

0.005253 

0.020851 

0.009303 

22 

0.044248 

0.001581 

0.006276 

0.002800 

23 

0.120512 

0.004307 

0.017093 

0.007626 

24 

0.13832 2 

0.004943 

0.019619 

0.008753 

25 

0.2396 1 1 

0.008563 

0.033986 

0.015163 

26 

2.371371 

0.084744 

0. 336351 

0.150066 

27 

1.089578 

0.038937 

0.154544 

0.06895  1 

28 

0.226489 

0.008094 

0.032125 

0.014333 

29 

0.288389 

0.010306 

0.040905 

0.018250 

30 

0.  142385 

0.005088 

0.020196 

0.009010 

31 

0.126167 

0.004509 

0.017895 

0.007984 

32 

0.050742 

0.001813 

0.007197 

0.003211 

TOTALS 

99.999999 

3.573612 

CARBON 

BALANCE  8. 

025016  LB  AT/M0LN2.  99.88 

PERCENT 

HYDROGEN 

BALANCE  19. 

281868  LB  AT/MGLN2.  95.99 

PERCENT 

OXYGEN 

BALANCE  0. 

522826  LB  AT/M0LN2.  98.34 

PERCENT 

PERCENT  02  REACT  94.7811  PERCENT  C4  REACT  28.1123 
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RUN  NO  =  26  SAMPLE  NO  =  5 


PROD  NO 

MCL  PERCENT 

MGLS/MOL  N2 

MOLS/MOXY  R 

MOLS/MBUT  R 

I 

0.662855 

0.023888 

0.094941 

0.041689 

2 

0.394399 

0.014213 

0.056490 

0.024805 

3 

27.748312 

1.000000 

3.974415 

1.745164 

4 

2.790303 

0.100558 

0.399658 

0.175490 

5 

3.044590 

0.109722 

0.436079 

0.i91482 

6 

1.825135 

0.065775 

0.261416 

0.114788 

7 

2.379529 

0.085754 

0.340822 

0.149655 

8 

5.377516 

0. 193796 

0. 770226 

0.338206 

9 

0.444567 

0.016021 

0.063676 

0.027960 

10 

5.673388 

0.204459 

0.812604 

0.356814 

11 

0.073000 

0.002631 

0.010456 

0.004591 

12 

39.839601 

1.435749 

5.706261 

2.505617 

13 

1.561959 

0.056290 

0.223721 

0.098236 

14 

1.577737 

0.056859 

0.225981 

0.099228 

15 

0.240099 

0.008653 

0.034390 

0.015100 

16 

0.299544 

0.010795 

0.042904 

0.018839 

17 

0.030880 

0.001113 

0.004423 

0.001942 

18 

0.556668 

0.020061 

0.079732 

0.035010 

19 

0.072449 

0.002611 

0.010377 

0 • 004557 

20 

0.042609 

0.001536 

0.006103 

0.002680 

21 

0. 183045 

0.006597 

0.026218 

0.011512 

22 

0.045963 

0.001656 

0.006583 

0.002891 

23 

0.090413 

0.003258 

0.012950 

0.005686 

24 

0. 154193 

0.005557 

0.022085 

0.009698 

25 

0.250928 

0.009043 

0.035941 

0.015782 

26 

2.667003 

0.096114 

0.381997 

0.167735 

27 

1.092928 

0.039387 

0.156541 

0.068737 

28 

0.226824 

0.008174 

0.032488 

0.014266 

29 

0.299893 

0.010808 

0.042954 

0.018861 

30 

0. 155259 

0.005595 

0.022238 

0.009765 

31 

0. 142847 

0.005148 

0.020460 

0.008984 

32 

0.055572 

0.002003 

0.007960 

0.003495 

TOTALS  99.999994  3.603823 


CARBON  BALANCE 
HYDROGEN  BALANCE 
OXYGEN  BALANCE 


8. 

066565 

LB 

AT/M0LN2. 

100.39 

PERCENT 

19. 

396315 

LB 

AT/M0LN2. 

96.56 

PERCENT 

0. 

526624 

LB 

AT/M0LN2. 

99.06 

PERCENT 

94 

.  6530 

P 

ERCENT  C4 

REACT 

28.5256 

PERCENT  02  REACT 
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The  experimental  product  distribution  for  each  sample 
were  determined  by  the  method  outlined  in  Appendix  VI  and  are 
given  here.  Each  run  is  separate  and  initial  conditions  are 
given  along  with  the  analysis.  The  run  numbers  correspond 
to  the  ones  given  in  Table  1.  Component  numbers  correspond 
to  the  list  below. 


Table  VII-1 
Components  Separated 


Component  Number 


Component  Name 


1 

Hydrogen 

2 

Oxygen 

3 

Nitrogen 

4 

Carbon  Monoxide 

5 

Methane 

6 

Ethane 

7 

Carbon  Dioxide 

8 

Ethylene 

9 

Propane 

10 

Propylene 

11 

i-Butane 

12 

n-Butane 

13 

1-Butene 

14 

2-Butene 

15 

Fo rmaldehyde 

16 

Ethylene  Oxide 

17 

2 -Methyl  Butane 

18 

Acetaldehyde 

19 

n-Pentane 

20 

Propylene  Oxide 

21 

3-Methyl  Pentane 
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Component  Number 

Component  Name 

22 

n -Hexane 

23 

Propionaldehyde 

24 

Acetone 

25 

Methanol 

26 

Water 

27 

Ethanol 

28 

Butyraldehyde 

29 

Methyl  Ethyl  Ketone 

30 

n-Propanol 

31 

Diethyl  Ketone 

32 

n-Butanol 
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APPENDIX  VIII 


CARBON  AND  HYDROGEN  BALANCES  BASED  ON 


THE  N -BUTANE  REACTED 


. 
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VIII -2 


Carbon  and  hydrogen  balances  may  also  be  calculated 
on  the  basis  of  the  n-butane  reacted  for  each  product  sample. 
The  procedure  used  to  calculate  these  balances  is  outlined 
below. 

Calculate  the  lb.  atoms  of  carbon  and  hydrogen  in 
each  product  sample,  not  including  n-butane  and  i- 
butane. 

Determine  the  lb-moles  of  butane  reacted  for  each 
sample . 

100  x  lb. atoms  of  carbon  in  product 

%  Carbon  Balance  =  - 

4  x  lb. moles  of  butane  reacted 

100  x  lb. atoms  of  hydrogen  in  product 

%  Hydrogen  Balance  =  - 

10  x  lb. moles  of  butane  reacted 

The  Carbon  and  Hydrogen  balances  are  given  in  Tables  VIII-1 
and  VIII-2  respectively. 

The  carbon  balances  based  on  the  butane  reacted 
ranged  between  83  and  124  per  cent  for  all  samples  with  the 
majority  of  the  balances  being  between  95  and  102  per  cent. 

The  carbon  balance  for  samples  2  to  5  for  all  runs  indicate 
that  at  relatively  high  butane  conversions,  the  analyses  seem 
to  be  reliable.  However,  the  large  fluctuations  in  the  carbon 
balance  for  sample  1  for  many  of  the  runs  indicate  that  a 
more  accurate  analysis  was  required  at  low  butane  conversions. 
A  more  sensitive  chromatography  unit  and  a  more  accurate 
calibration  would  be  needed  if  good  analyses  are  to  be 
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obtained  in  these  regions. 

All  hydrogen  balances  based  on  the  butane  converted 
were  low,  between  80  and  90  per  cent.  This  fact,  coupled 
with  the  low  oxygen  balances  discussed  earlier  and  the  poor 
resolution  of  the  water  peak  observed  on  the  chromatograms, 
suggested  a  low  water  analysis  in  the  product  samples. 

The  low  hydrogen  balances  also  indicated  that  the 
analysis  technique  for  hydrogen  was  poor  and  that  more  hydro¬ 
gen  was  present  in  the  samples  than  indicated  by  the  gas 
chromatograph.  Once  again,  a  more  sensitive  chromatograph 
with  a  carrier  gas  other;  than  helium  or  a  detector  other  than 
a  thermal  detector  would  provide  accurate  analysis  for  the 
hydrogen . 
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Table  VIII-1 


Carbon 

Balance 

Based  on  the 

Butane 

Reacted 

Sample 

No. 

1 

2 

3 

4 

5 

Run  No. 

%  Carbon 

Balance 

10 

97.0 

92.2 

97.6 

97.7 

98 

11 

104.5 

96.5 

96.5 

94.4 

101 

12 

103.5 

123.8* 

97.7 

94.7 

96 

13 

88.1 

103.2 

93.8 

88.9 

99 

14 

87.5 

101.4 

99.1 

94.2 

104 

15 

85.6 

101.4 

101.9 

92.4 

101 

16 

98.0 

97.6 

100.3 

97.8 

101 

17 

103.1 

103.2 

104.2 

97.9 

99 

18 

100.0 

100.1 

100.9 

101.4 

99 

19 

96.5 

98.0 

96.4 

95.4 

96 

20 

93.7 

101.6 

102 

21 

84.4 

102.8 

100.8 

99.7 

101 

22 

103.1 

99.0 

94.4 

96.2 

96 

26 

83.8 

98.3 

104.0 

99.5 

101 

Ave  r .  % 

Error 

7.2 

2.8 

2.7 

4.0 

2 

5 

5 

9 

0 

0 

0 

7 

7 

5 

3 

3 

7 

0 

4 

0 


*  This  reading  excluded 
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Table  VI I I - 2 


Hydrogen 

Balance 

Based  on 

the  Butane 

Reacted 

Sample  No. 

1 

2 

3 

4 

5 

Run  No. 

% 

Hydrogen  Balance 

10 

82.4 

78.6 

83.7 

84.3 

85 

11 

91.  8 

83.9 

84.9 

82.8 

89 

12 

85.7 

105.5 

85.5 

82.9 

84 

13 

78.7 

94.1 

80.5 

77.1 

85 

14 

80.3 

87.9 

84.4 

80.8 

89 

15 

79.2 

87.4 

89.9 

80.9 

89 

16 

85.2 

81.8 

86.1 

84.1 

87 

17 

81.3 

81.2 

94.2 

90.6 

84 

18 

82.5 

86.3 

87.7 

88.7 

87 

19 

85.8 

81.0 

81.0 

80.5 

81 

20 

80.1 

86.8 

92 

21 

77.6 

84.1 

84.6 

83.7 

85 

22 

80.0 

82.8 

80.4 

82.1 

82 

26 

74.9 

84.4 

88.9 

85.7 

87 

2 

4 

7 

5 

8 

2 

9 

1 

2 

2 

2 

7 

2 

9 
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RESIDENCE  TIME  CALCULATIONS 
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The  residence  time  for  each  experimental  run  was  cal¬ 
culated  as  a  function  of  the  inlet  gas  velocity  and  the  change 
in  the  reaction  temperature,  the  number  of  moles,  and  the 
molecular  weight  as  the  reaction  proceeded. 

The  inlet  gas  velocity  was  calculated  from  the  relation¬ 
ship 

0) 

u  =  - 

°  3600  A  p 

o 

where 

uQ  =  entrance  velocity,  ft/sec 
a)  =  mass  flow  rate  of  the  reactants ,  lb/hr 

2 

A  =  cross-sectional  area  of  the  reactor,  ft 
pQ  =  density  of  the  reaction  mixture  at  the 

3 

entrance,  lb/ft 

Therefore , 


u  a)  3600  A  po 

—  =  -  x  - 

uq  3600  A  p  to 


where 


u  =  velocity  at  any  point  in  the  reactor,  ft/sec 
p  =  density  of  the  reaction  mixture  at  the  point 

3 

at  which  the  velocity  is  u,  lb/ft 
Using  the  Ideal  Gas  Law, 


u  M  P  nRT 

—  =  X  - 

u  n  RT  MP 

o  o  o 
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where 

M  =  molecular  weight 
P  =  reaction  pressure  psia 
n  =  number  of  moles 
R  =  gas  constant 
T  =  reaction  temperature 
subscript  o  refers  to  inlet  conditions 
Therefore 


M  n  T 

u  *  u  (—  x  —  x  — ) 

°  M  n  T 

o  o 

The  residence  time  was  calculated  using  the  relation¬ 
ship 

x  dx 

T  -  J  - 

o  u 

where 

x  =  reactor  distance,  ft. 

t  =*  residence  time  in  seconds 

The  velocity  at  each  sample  point  and  the  reactor 
entrance  are  given  in  Table  IX-1.  The  residence  times  for 
the  reacting  stream  at  each  sample  point  are  presented  in 
Table  IX-2 . 

The  velocity  of  the  reacting  gas  stream  increased  up 
to  60  per  cent  in  the  reaction  zone  and,  as  a  result,  the 
residence  time  in  the  reactor  was  less  than  the  value  cal¬ 
culated  from  the  entrance  conditions.  All  reaction  parameters, 
namely, the  increase  in  temperature  and  the  number  of  moles  and 
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IX-4 


the  decrease  in  the  molecular  weight  of  the  components  de¬ 
creased  the  residence  time. 

All  figures  in  the  discussion  of  results  with  residence 
time  as  a  coordinate  axis,  Figures  9  to  15  and  Figures  17  to  23, 
were  plotted  with  residence  times  based  on  inlet  conditions. 
Correct  plots  should  include  the  residence  time  calculated  from 
the  inlet  conditions,  the  change  in  the  reaction  temperature, 
the  number  of  moles,  and  the  molecular  weight. 
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Table  IX-1 


Reacting  Stream  Velocity  at  Each  Sample  Point 


Sample  Point 

Ent . 

1 

2 

3 

4 

5 

Run  No. 

Velocity 

,  ft/sec 

10 

6.42 

10.20 

10.15 

9.98 

9.69 

9.31 

11 

7.09 

8.26 

9.85 

9.77 

9.63 

9.48 

12 

8.38 

8.37 

11.85 

11.78 

11.60 

11.38 

13 

7.57 

8.31 

10.68 

10.36 

10.17 

10.07 

14 

7.52 

7.44 

10.72 

10.52 

10.42 

10.22 

15 

7.74 

9.83 

9.92 

9.76 

9.58 

9.40 

16 

8.02 

9.95 

12.24 

12.17 

11.78 

11.54 

17 

7.95 

7.83 

8.06 

11.76 

11.68 

11.24 

18 

8.01 

11.52 

11.80 

11.58 

11.47 

11.06 

19 

7.37 

10.15 

12.28 

12.22 

12.02 

11.77 

20 

8.04 

12.40 

12.71 

12.08 

21 

8.03 

9.93 

13.16 

12.78 

12.64 

12.37 

22 

8.10 

12.17 

12.50 

12.18 

11.83 

11.47 

26 

8.02 

9.13 

12.45 

12.53 

12.23 

12.02 
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Table  IX-2 


Residence  Time  for  the  Reacting  Gas  Stream 


Sample  Point 

1 

2 

3 

4 

5 

Run  No. 

Residence 

Time,  Sec. 

10 

.323 

.498 

.675 

.856 

1.043 

11 

.333 

.531 

.712 

.895 

1.081 

12 

.303 

.484 

.635 

.788 

.943 

13 

.321 

.511 

.680 

.853 

1.029 

14 

.339 

.542 

.710 

.880 

1.051 

15 

.294 

.474 

.655 

.839 

1.026 

16 

.286 

.448 

.595 

.743 

.896 

17 

.321 

.545 

.731 

.  883 

1.038 

18 

.270 

.423 

.575 

.730 

.888 

19 

.297 

.457 

.602 

.749 

.899 

20 

.443 

.585 

.871 

21 

.286 

.443 

.580 

.720 

.862 

22 

.262 

.406 

.550 

.699 

.  852 

26 

.297 

.466 

.619 

.763 

.910 
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